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ABSTRACT
The application of recently developed stereoselective nickel-catalyzed reductive coupling
reactions of alkynes and aldehydes to the synthesis of complex natural product targets was
explored. The "B-Type" amphidinolides were selected as ideal targets owing to their
molecular complexity and the paucity of synthetically viable means for their total
construction. The diastereoselective nickel-catalyzed reductive coupling of simple
aryl-substituted alkynes and a-oxyaldehydes was developed and applied to the construction
of the C15-C26 region of amphidinolide H3.
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Alternatively, the nickel-catalyzed reductive coupling reaction of 1,3-enynes and
aldehydes was found to be a very effective way of installing the congested 1,3-diene moiety
common to all members of this class of natural products. This methodology was further
examined as a fragment coupling strategy for the syntheses of amphidinolides G3 and H4 .
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molecules and, to date, stands as the most complicated setting for the application of the
catalytic reductive coupling reaction.
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- 12 steps (LLS); 27 total operations
- high FG tolerance (epoxide, ketone)
F;-
Thesis Supervisor: Timothy Jamison
Title: Associate Professor of Chemistry
amphidinolide G3 amphidinolide H4
Preface
Portions of this thesis have appeared in the following article that is co-written by the author:
anti-1,2-Diols via Ni-Catalyzed Reductive Coupling of Alkynes and a-Oxyaldehydes
Org. Lett. 2005, 7, 2937-2940.
Luanphaisamnont, T.; Ndubaku, C. 0.; Jamison, T. F.
Acknowledgements
"To have loved one horizon is insularity; it blindfolds vision, it narrows experience."
- Derek Walcott
My experience through graduate school has been a rather fulfilling one. It was an
opportunity for me to challenge myself both intellectually and psychologically. Granted that
there were certain points where it was definitely difficult to "stay the course", it was at those
times that I really learnt the most about myself. For one, I could not have picked a better
environment to embark on such self-scrutiny.
I have so many people to thank for helping me make it through. I would be remiss if I
didn't thank my research supervisor, Prof. Tim Jamison, first and foremost. This is because
beyond my then naYvet6 that caused me to judge and question the motives of his advice, I
have now come to realize that he always had my best interest at heart. It was through his
contributions and example that I gained the confidence to tackle complex topics in organic
chemistry. A number of other faculty members were instrumental in my growth as a
graduate student. However, none was as important as my committee chair, Prof. Greg Fu,
who by many measures is a remarkable individual. Discussions that I had with him have
very much impacted the progression of my research projects and I thank him deeply for this.
Tim has a knack of attracting very intelligent scientists to his research group, and I have
had the great pleasure of interacting with a great majority of them. Among them, I want to
particularly thank Dr. Carmela Molinaro, Andrew Knox and Dr. Sejal Patel for all of their
words of advice and continued friendships over the years. Dr. Johann Chan is an incredible
source of inspiration for me, and it is in my attempt to emulate his diligence that I fostered
my current work ethic. Likewise, there is a reason that I will always believe in the judgment
and abilities of Dr. Tim Heffron (as I plan to join him at Genentech). It is due in part to the
fact that I wholeheartedly trust his intentions as well as his good nature. I want to thank Dr.
Karen Miller for really opening up the field of nickel catalysis in our group, which has really
enabled my research. I had the good fortune of mentoring a very talented undergraduate,
Torsak Luanphaisarnnont, and I was truly impressed by his vigor. My cohort, Ryan Moslin,
is appreciated for keeping me on my toes intellectually and for many thought-provoking
conversations, which date back to our first year at MIT. Dr. Graham Simpson and Dr. Neil
Langille are two tremendous post-does whose contributions to my research were invaluable
as were those of my fellow graduate students, Jim Trenkle and Victor Gehling (Go Bears!).
In particular, I am indebted to Neil for his thorough proofreading of my thesis and to Victor
for his willingness to discuss chemistry with me over a cup of coffee. Andrew Lauer's
impact on my work was evident from the very moment he joined the group. Without his
assistance and hard work, we most certainly would not have made it this far. Kate Woodin's
ability to put a smile on my face went a long way in helping me keep my sanity and I wish
her nothing but the best in the future. I also want to thank Aaron Van Dyke, Cici Ng, Dr.
Stefan Kaiser, Dr. Jason Ho, Brian Sparling, Kristin Schleicher, Brian Underwood and Ivan
Vilotijevic for many fond memories. All I ask is for you all to keep the Jamison beach
volleyball dynasty alive and well!
Outside the lab, several friends had varying impacts on my rounded experience at MIT.
Importantly, my first few years were truly outstanding because of the friendship that I
cultured with Gigi Bailey. Even now I cannot say that anyone understands me as she does. I
cannot thank Luisa Chiesa enough for all that she has done for me. She continues to be a
pillar for me to lean on, and also my closest confidante. Along those lines, I would also like
to thank Dr. Jebrell Glover, LaTonya Green, Dr. Liz Nolan, Ifeoma Nwaneri, Lia Shimada,
Dr. Steve Weis, Claire Monteleoni, Dr. Susan Hohenberger, Dr. Scott Gullicksen, Beth
Vogel, Dr. Sam Thomas, Dr. Theresa Larriba-Harboe, Anneli Strandberg, Dr. Christian
Hackenberger, Dr. Craig Breen and many, many others for their respective friendships.
My journey would not have begun in the first place was it not for my extended family. In
accord with African tradition, from which I proudly derive my roots, an entire community is
responsible for nurturing a youth. That statement could not be truer in my case, and for that I
thank my brothers and sister, Ral, Osy and Nena Ndubaku for their unbridled kindness and
encouragement over the years. My parents, Rowland and Victoria Ndubaku are exceptional
people, and I am more proud of them than they are of me. My extended family, Mr. and Mrs.
Ikeri, Godwin and Ikechukwu Ikeri, Auntie Eunice Ugorji, Ogo, Uzo, Ada and Ego Ugorji,
Mr. and Mrs. Ibemere, Uche, Chika and Ebuka Ibemere have all of my love.
Chudi O. Ndubaku
Cambridge, MA July, 2006
Table of Contents
I. Anti-Selective Ni-Catalyzed Reductive Coupling of Alkynes and a-Oxyaldehydes
Introduction 14
Results and Discussion 17
Conclusion 20
Experimental Section 20
Spectra 35
II. Application of the Ni-Catalyzed Reductive Coupling of a-Oxyaldehydes to the
Synthesis of the C15-C26 Fragment of Amphidinolide H3
Introduction 68
Retrosynthetic Analysis of the C15-C26 Region of Amphidinolide H3  72
Results and Discussion 73
A. Synthesis of the C15-C20 Aryl Alkyne Fragment 73
B. Synthesis of the C21-C26 a-Oxyaldehyde Fragment 74
C. Poor Reactivity in the Anti-Selective Ni-Catalyzed Fragment Coupling 76
D. Revised Retrosynthetic Analysis of the C16-C26 Region of Amphidinolide H3  77
E. Syntheses of the 1,3-Enyne Fragments 79
F. Nickel-Catalyzed Reductive Coupling Utilizing 1,3-Enynes 80
G. Elaboration of the Coupling Products 81
Conclusion 83
Experimental Section 84
Spectra 101
III. Diastereoselective Ni-Catalyzed Reductive Coupling of 1,3-Enynes and Aldehydes:
Approaches Toward Amphidinolides G and H
Introduction 134
Synthetic Strategy Towards Amphidinolides G and H 136
Results and Discussion 137
Synthesis of the 1,3-Enyne Fragment 137
A. The Arndt-Eistert Approach 137
B. Kowalski Rearrangement and Ynone Investigations 138
C. Successful Synthesis of the 1,3-Enyne from the Methyl Ketone 140
D. Improved Synthesis of the Methyl Ketone 140
E. Third Generation Synthesis of the 1,3-Enyne 141
F. Summary of the Synthesis of the 1,3-Enyne Fragment 142
Synthesis of the Ketoaldehyde Fragment 143
A. Approach to the Ketophosphonate Segment 144
B. Conditions for the Nickel-Catalyzed Alkyne-Epoxide Coupling 145
C. Aldehyde Synthesis and Horner-Wadsworth-Emmons Coupling 146
D. Completion of the Synthesis of the Ketoaldehyde Fragment 148
Investigation of the Ni-Catalyzed 1,3-Enyne-Ketoaldehyde Fragment Coupling 149
Determination of the Relative Configuration 150
Forays into the Installation of the C16 Methyl Substituent 151
A. Higher Order Organocuprate (Lipshutz Cuprate) 151
B. Methyl Installation on Simpler Systems 152
C. Discovery of a Regioselective Trimethylindium Method 154
D. Determination of the Stereochemistry of Trimethylindium Displacements 155
E. Application of the Trimethylindium Method to the Amphidinolides 156
Revised Synthetic Strategy to Amphidinolides G3 and H4  157
A. Preparation of the Elaborated 1,3-Enyne Fragment 159
B. Ni-Catalyzed Fragment Coupling and C16 Methyl Group Installation 161
C. Future Experiments 162
Conclusion 163
Experimental Section 164
Spectra 189
Curriculum Vitae 240
Abbreviations
Ac acetyl
Bn benzyl
Bu butyl
cod cyclooctadiene
Cp cyclopentadienyl
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Chapter 1
Anti-Selective Ni-Catalyzed Reductive Coupling of Alkynes and
a-Oxyaldehydes
Introduction
Optically pure 1,2-diols are important and commonly occuring functional group patterns
present in natural products (such as carbohydrates and polyketides) and in chiral ligands used
in asymmetric catalysis. Consequently, much effort has been invested in the development of
stereoselective methods for 1,2-diol synthesis. A very powerful approach for generating syn-
1,2-diols is the Sharpless asymmetric dihydroxylation (AD) of trans-disubstituted olefins.'
However, diastereomeric anti-1,2-diols are not as easily accessed using this transformation
because the corresponding reactions of cis-disubstituted olefins typically proceed with
greatly diminished enantioselectivity.Ic Recently, MacMillan and List reported catalytic
asymmetric aldol reactions that stereoselectively generate anti-1,2-diols.2  These methods
illustrate the utility of enamine catalysis in controlling two stereogenic centers formed during
C-C bond construction and supplements prior work in the area using aldolases, catalytic
antibodies, 3,4 and a heteropolymetallic catalyst.5
A contrasting approach to the synthesis of 1,2-diols involves nucleophilic addition to
aldehydes with protected hydroxyl groups adjacent to the carbonyl.6 Cram's rule, after over
six decades, remains a good predictor of the stereochemical outcome of these additions to
chiral a.-alkoxy and related aldehydes (Fig 1).7
1(a) Jacobsen, E. N.; Marko, I.; Mungall, W. S.; Schr6der, G.; Sharpless, K. B. J. Am. Chem. Soc. 1988, 110, 1968-1970.
For reviews, see: (b) Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547. (c) Johnson,
R. A., Sharpless, K. B. In Catalytic Asymmetric Synthesis; Ojima, I., Ed.; VCH: New York, 2000; 2 nd ed.; pp 357-398.
2 (a) Northrup, A. B.; Mangion, I. K.; Hettche, F.; MacMillan, D. W. C. Angew. Chem., Int. Ed. 2004, 43, 2152-2154. (b)
Northrup, A. B.; MacMillan, D. W. C. Science 2004, 305, 1752-1755. (c) Notz, W.; List, B. J. Am. Chem. Soc. 2000, 122,
7386-7387.
3 For catalytic asymmetric synthesis of syn- or anti-1,2-diols by aldolases, see: (a) Bednarski, M. D.; Simon, E. S.;
Bishofberger, N.; Fessner, W.-D.; Kim, M.-J.; Lees, W.; Saito, T.; Waldmann, H.; Whitesides, G. M. J. Am. Chem. Soc.
1989, 111, 627-635. (b) Fessner, W.-D.; Sinerius, G.; Schneider, A.; Dreyer, M.; Schulz, G. E.; Badia, J.; Aguilar, J.
Angew. Chem., Int. Ed. Engl. 1991, 30, 555-558.
' For catalytic asymmetric synthesis of syn- or anti-1,2-diols by catalytic antibodies, see: (a) List, B.; Shabat, D.; Barbas, C.
F., III; Lerner, R. A. Chem. Eur. J. 1998, 4, 881-885. (b) Hoffmann, T.; Zhong, G.; List, B.; Shabat, D.; Anderson, J.;
Gramatikova, S.; Lerner, R. A.; Barbas, C. F., III J. Am. Chem. Soc. 1998, 120, 2768-2779.
5 Yoshikawa, N.; Suzuki, T.; Shibasaki, M. J. Org. Chem. 2002, 67, 2556-2565.
6Reviews: (a) Reetz, M. T. Angew. Chem., Int. Ed. Engl. 1984, 23, 556-569. (b) Reetz, M. T. Acc. Chem. Res. 1993, 26,
462-468. (c) Eliel, E. L. In Asymmetric Synthesis; Morrison, J. D., Ed.; Academic: New York, 1983; Vol. 2, Part A, pp
125-155.
7 (a) Cram, D. J.; Abd Elhafez, R. A. J. Am. Chem. Soc. 1952, 74, 5828-5835. (b) Gawley, R. E.; Aubd, J. Principles of
Asymmetric Synthesis; Tetrahedron Organic Chemistry Series, Vol. 14; Pergamon Press-Elsevier: Oxford, 1996; pp 121-
160.
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Figure 1. Models for stereoselective nucleophilic additions to a-alkoxy aldehydes. (A) The cyclic
"Cram-chelate" model predicts syn-1,2-diols. (B) The "dipolar" model predicts anti-1,2-diols.
For a-alkoxy groups that have the ability to coordinate (such as MeO-, MOMO-, BnO- or
PMBO-, among others), the "Cram-chelate" model typically applies and syn-1,2-diols are
favored (Fig:. 1, A).7b,8  When larger groups (such as t-BuMe2SiO- or Ph3CO-) are
employed, the "dipolar" model is invoked, and anti-1,2-diol products are favored (Fig. 1, B).
However due to the greater degree of flexibility in the latter process (o-bond rotation),
nucleophilic additions of this type usually proceed with only moderate selectivity, and
therefore are not always viable means to access anti-1,2-diols.
In rare instances, a-alkoxy aldehydes bearing chelating groups adjacent to the carbonyl
generate anti-1,2-diols with >95:5 diastereoselectivity. 9 This unusual preference is
particularly interesting from a mechanistic point-of-view because it suggests that even in the
presence of highly coordinating groups such as MOMO- or BnO-, the nucleophilic addition
occurs via the "dipolar" model. This phenomenon may be observed when reagents lacking
the ability to chelate are utilized,9a' c or when a reagent that imparts complete stereocontrol is
employed.9d
" Of particular interest is the NMR observation of a chelate as an intermediate in the addition of dimethylmagnesium to
a-alkoxy aldehydes: Chen, X.; Hortelano, E. R.; Eliel, E. L.; Frye, S. V. J. Am. Chem. Soc. 1992, 114, 1778-1784.
9 (a) Banfi, L.; Bernardi, A.; Colombo, L.; Gennari, C.; Scolastico, C. J. Org. Chem. 1984, 49, 3784-3790. (b) Tio, H.;
Mizobuchi, T.; Tsukamoto, M.; Tokoroyama, T. Tetrahedron Lett. 1986, 27, 6373-6376. (c) Marumoto, S.; Kogen, H.;
Naruto, S. Chem. Commun. 1998, 2253-2254. An example of highly reagent-controlled nucleophilic addition to a
MOMO-protected a-alkoxy aldehyde: (d) Corey, E. J.; Yu, C.-M.; Kim, S. S. J. Am. Chem. Soc. 1989, 111, 5495-5496.
Recent advances in the nickel-catalyzed reductive coupling of alkynes and aldehydes have
introduced a new paradigm for C-C bond-forming reactions.10 This transformation is useful
for the formation of geometrically defined allylic alcohols, which are particularly prevalent
and useful motifs in organic chemistry.' 1,12 Our group recently reported the first asymmetric
variants of the intermolecular reductive coupling of alkynes and aldehydes. 13
Scheme 1
Ni(cod)2 (10 mol%)
OHO (+)-NMDPP (20 mol%)
R1- R + H' 'R3  Et3B (200 mol%) RI R3
DMI/EtOAc (1:1)
R1 = Ar R3 = Ar
R2 = Alkyl Alkyl
CH20TBS 
- 100% cis additionCH2NHBoc - regioselectivity up to >95:5
SiMe 3 -up to 96% ee
In cases where neomentyldiphenylphosphine (NMDPP) 14 was employed as the chiral
phosphine and aryl-substituted alkynes were utilized, high levels of enantioselectivity and
regioselectivity were observed (Scheme 1).13bc As part of a program aimed at the application
of this novel process to the reductive coupling of chiral alkynes and aldehydes,' 5 we began to
investigate the catalytic reductive coupling reactions of protected a-hydroxy aldehydes as a
new method for generating syn- and/or anti-1,2-diols. The results of these investigations are
presented herein.
o1 Reviews: (a) Montgomery, J. Acc. Chem. Res. 2000, 33, 467-473. (b) Ikeda, S. Angew. Chem., Int. Ed. 2003, 42, 5120-
5122. (c) Montgomery, J. Angew. Chem., Int. Ed. 2004, 43, 3890-3908.
11 For reviews of useful reactions of allylic alcohols, see: (a) Briickner, R., In Comprehensive Organic Synthesis, Trost, B.
M., Ed.; Pergamon: New York, 1991; Vol. 6, Ch. 4.6, pp 873-908. (b) Hill, R. K., ibid., Vol. 5, Ch. 7.1, pp 785-826. (c)
Wipf, P., ibid., Vol. 5, Ch. 7.2, pp 827-873.
12 Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307-1370.
'3 (a) Colby, E. A.; Jamison, T. F. J. Org. Chem. 2003, 68, 156-166. (b) Miller, K. M.; Huang, W.-S., Jamison, T. F. J. Am.
Chem. Soc. 2003, 125, 3442-3443. (c) Miller, K. M. "Selective, Nickel-Catalyzed Carbon-Carbon Bond-Forming
Reactions of Alkynes," Ph.D. Thesis, Massachusetts Institute of Technology, 2005.
14 (a) Morrison, J. D.; Burnett, R. E.; Aguiar, A. M.; Morrow, C. J.; Philips, C. J. Am. Chem. Soc. 1971, 93, 1301-1303. (b)
Morrison, J. D.; Masler, W. F. J. Org. Chem. 1974, 39, 270-272.
'5 Ndubaku, C. O.; Jamison, T. F. Unpublished results.
Results and Discussion
Our interest in this area was piqued upon discovering that a class of substrates based on 2
possess high propensity to give anti-1,2-diol products (Scheme 2).
Scheme 2
O Ni(cod)2 (10 mol%) OH
- Me + H (+)- or (-)-NMDPP (20 mol%)
Ph- Me + HEt 3B (200 mol%) Me OP
DMI/EtOAc (1:1)la 2a, P = MOM 3
2b, P = TMS (anti major)
In order to fuirther probe this transformation, we commenced by investigating the role of the
ligand in the catalytic reductive coupling reaction of 1-phenyl-1-propyne (la) and the known
a-alkoxy aldehyde 2a' 6 (Table 1).'7 A high level of substrate control was observed with both
(+)- and (-)-NMDPP providing the coupling product 3a as predominantly the anti
diastereomer (Table 1, entries 1 and 2)."8 (+)-NMDPP was selected for further optimization
because it provided the anti product in higher yield and selectivity (entry 1). The
diastereoselectivity and yield were further improved by careful examination of reaction
temperature. At -10 'C, 89:11 diastereoselectivity was obtained without compromising the
reaction yield (entry 3). On further cooling, however, the yield diminished and no
appreciable improvement in diastereoselectivity was observed (entry 4).19 On the other hand,
by increasing the amount of the aldehyde and extending the reaction time, a balance of yield
and selectivity for the reductive coupling of la and 2a was achieved (entry 6).
16 Racemic 2a: (a) Paquette, L. A.; Mitzel, T. M. J. Am. Chem. Soc. 1996, 118, 1931-1937. The enantiomerically-enriched
aldehyde (2a) was synthesized from mandelic acid by adapting a procedure reported by Masamune: (b) Masamune, S.;
Choy, W. Aldrichimica Acta 1982, 15, 47-64. See Experimental Section for detail.
17 This study was conducted in collaboration with Mr. Torsak Luanphaisarnnont: Luanphaisamnont, T.; Ndubaku, C. O.;
Jamison, T. F. Org. Lett. 2005, 7, 2937-2940.
18 No achiral phosphine (e.g., PBu 3) that could catalyze the reaction with the same efficiency as NMDPP was found. This
limitation prevented the determination of the "inherent selectivity" of the aldehyde: Masamune, S.; Choy, W.; Peterson, J.
S.; Sita, L. R. Angew Chem., Int. Ed. Engl. 1985, 24, 1-30.
19 Further cooling to -40 oC did result in improved diastereoselectivity (>95:5), but the conversion was very poor (<10%).
O_ 
-=Me + H
OMOM
Ni(cod)2 (10 mol%)
phosphine (20 mol%)
Et3B (200 mol%)
DMI/EtOAc (1:1)
OH
OMOM
3a(a Me OMOM
3a (anti major)
entrya phosphine time (h) temp (OC) d.r.b yield (%) (d.r.)c
1 (+)-NMDPP 6 0 84:16 61 (90:10)
2 (-)-NMDPP 6 0 77:23 32 (80:20)
3 (+)-NMDPP 6 -10 89:11 62 (90:10)
4 (+)-NMDPP 6 -20 90:10 37 (90:10)
5d  (+)-NMDPP 6 -10 89:11 77 (90:10)
6d  (+)-NMDPP 20 -10 88:12 87 (90:10)
" 100 mol% of alkyne and 100 mol% of aldehyde were used, unless otherwise noted. All reactions proceeded with
>95:5 regioselectivity. b Ratio of anti:syn determined by IH NMR analysis of crude reaction mixtures (500 MHz).
c Yield and d.r. of the isolated reaction product. d Conducted using 150 mol% of aldehyde.
The relative stereochemistry of 3a was determined by removal of the MOM protective
group and conversion to the corresponding cyclic carbonate 4 (Scheme 3).20 A large nOe was
observed between the carbinol protons, suggesting a cis relationship between them in 4, i.e.,
of the anti configuration in 3a.
Scheme 3
Oe
1) HCI, MeOH
2) Triphosgene, NEt3
3a
1) HCI, MeOH
2) 03; DMS
OH
Me known compound(ref. 2c)
0 OH
Further confirmation of the relative configuration involved conversion of 3a to ketodiol 5
which indicated that its data were consistent with those previously reported (Scheme 3).2c
20 Maier, M. E.; Oost, T. J. Organomet. Chem. 1995, 505, 95-108.
Table 1
The scope of this novel, anti-selective reductive coupling is shown in Table 2. Placing a
larger substituent on the side of the alkyne where C-C bond formation occurs (e.g., Me to Et
or cyclopropyl, entries 1, 3 and 4), dramatically improved the selectivity, albeit with a
reduction in yield. Notably, heteroatom-substituted alkynes are tolerated and do not affect
the anti selectivity (entry 5). Also changing the protective group on the aldehyde to PMB
improves the chemical yield while maintaining excellent diastereoselectivity (entry 6 vs.
entry 3). However, changing the cyclohexyl substituent on the aldehyde to a less sterically
demanding phenyl group (entry 7) or n-hexyl group (entry 8) resulted in lowered selectivity,
presumably due to a smaller difference in the two transition state conformers leading to the
two possible diastereomers.
Table 2a
Ni(cod)2 (10 mol%) OH
Ar-R + (+)-NMDPP (20 mol%) 2
Ar R + R2  Ar R2H R3  Et3B (200 mol%) R' OR3
1 DMI/EtOAc (1:1)2 3
-10 OC
entry Ar R' R2  R3  d.r.b yield (%) (d.r.)c
1 Ph Me Cy MOM 88:12 87 (90:10)
2 1-Naphthyl Me Cy MOM 83:17 93 (83:17)
3 Ph Et Cy MOM >95:5 54 (>95:5)
4 Ph -+ Cy MOM >95:5 62 (>95:5)
5 Ph CH2NHBoc Cy MOM 90:10 60 (95:5)
6 Ph Et Cy PMB >95:5 74 (>95:5)
7 Ph Et Ph MOM 68:32 39 (>95:5)d
8 Ph Et n-hexyl MOM 75:25 86 (80:20)
a All reactions were conducted with 100 mol% of alkyne and 150 mol% of aldehyde. All reactions proceeded with >95:5
regioselectivity. b Ratio of anti:syn determined by 'H NMR analysis of crude reaction mixtures (500 MHz). c Yield and
diastereoselectivity of the isolated reaction product. d The syn product was also isolated in 18% yield (>95:5 d.r.).
Conclusion
A nickel-catalyzed reductive coupling of alkynes and readily accessible, enantiomerically
enriched a-oxyaldehydes was developed. These coupling reactions provide efficient access
to a variety of differentially protected anti-1,2-diols, despite the fact that additions of
nucleophiles to methoxymethyl- (MOM) and p-methoxybenzyl-protected (PMB)
2-hydroxyaldehydes typically display a preference for syn-1,2-diols. The utility of this novel
methodology, for preparing these useful intermediates will be investigated as a catalytic,
stereoselective fragment coupling strategy in target-oriented synthesis.
Experimental Section
General Information. Unless otherwise noted, all reactions in organic solvents were
performed under an oxygen-free atmosphere of argon with rigid exclusion of moisture from
reagents and glassware. Ni(cod) 2 and (S)-(+)-neomenthyldiphenylphosphine ((S)-NMDPP)
were purchased from Strem Chemicals, Inc. and used without further purification. (R)-(-)-
Neomenthyldiphenylphosphine ((R)-NMDPP) was synthesized as previously described for
the antipode by instead starting from (+)-menthol.21 Triethylborane (98%) was purchased
from Aldrich Chemical Co. and used without further purification. 1,3-Dimethylimidazolidin-
2-one (DMI) and dichloromethane were distilled from calcium hydride. Tetrahydrofuran and
diethyl ether were distilled from a blue solution of sodium benzophenone ketyl. Ethyl
acetate was distilled from magnesium sulfate. Analytical thin layer chromatography (TLC)
was performed using EM Science silica gel 60 F254 plates. The developed chromatograms
were analyzed by UV lamp (254 nm) and ethanolic phosphomolybdic acid (PMA), cerium
molybdate (CAM) or aqueous potassium permanganate (KMnO 4). Liquid chromatography
was performed using a forced flow (flash chromatography) of the indicated solvent system
on Silicycle Silica Gel (230-400 mesh).22 Ozonolysis was performed using a ClearWater
21 Senaratne, K. P. A. Synthesis of Cycloalkyldiarylphosphines. U.S. Patent 5,710,340, January 20, 1998.
22 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925.
Technologies CD1500 Ozone Generator supported by a pressurized oxygen gas source. 'H
and 13 C NMR spectra were recorded in deuterochloroform (CDCl 3), unless otherwise noted,
on a Bruker Avance 400 MHz, a Varian Inova 500 MHz or a Bruker Avance 600 MHz
spectrometer. Chemical shifts in 'H NMR spectra are reported in parts per million (ppm) on
the 8 scale from an internal standard of residual chloroform (7.27 ppm). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, app = apparent and br = broad), coupling constant in hertz (Hz), and integration.
Chemical shifts of 13C NMR spectra are reported in ppm from the central peak of CDC13
(77.2 ppm) on the 8 scale. Infrared (IR) spectra were recorded on a Perkin-Elmer 2000 FT-
IR. High Resolution mass spectra (HRMS) were obtained on a Bruker Daltonics APEXII 3
Tesla Fourier Transform Mass Spectrometer by Dr. Li Li of the Massachusetts Institute of
Technology Department of Chemistry Instrumentation Facility. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter at 589 nm. Data are reported as follows:
[a•', concentration (c g/100 mL), and solvent.
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(2R)-2-Cyclohexyl-2-methoxymethoxy-ethanol (6): To the stirring solution of (lR)-1-
cyclohexyl-ethane-1,2-diol 23 (25 mmol, 3.61 g) in dichloromethane (95 mL), were added
DL-camphorsulfonic acid (2 mmol, 0.47 g) and trimethyl orthoformate (37.5 mmol, 4.1 mL).
The solution was stirred 24 h at ambient temperature. Triethylamine (25 mL) was added, and
the solution was concentrated. The residue was purified by flash chromatography on silica
gel (30% EtOAc/hexane) to afford a mixture of diastereomeric cyclic orthoesters. The
23 Ko, K.; Frazee, W. J.; Eliel, E. L. Tetrahedron 1984, 40, 1333-1343.
mixture (17.6 mmol) was dissolved in dichloromethane (180 mL) and cooled to -78 'C.
Diisobutylaluminum hydride (70 mmol, 70 mL of 1 M solution in hexane) was added slowly,
and the solution was stirred 1.5 h at -78 OC. The reaction was warmed to 0 oC and stirred 1.5
h. Methanol (10 mL) was added dropwise to quench the reaction. Ether and a saturated
solution of Rochelle's salt were added, and the solution was stirred at ambient temperature
until it became clear. The solution was extracted with ether (2 x 500 mL), dried over
magnesium sulfate, and concentrated. Silica gel chromatography (60% EtOAc/hexane)
afforded the title compound (2.92 g, 62% yield). Rf 0.38 (60% EtOAc/hexane); 1H NMR
(500 MHz, CDCl3) 8 4.76 (d, J= 6.5 Hz, 1H), 4.65 (d, J= 6.5 Hz, 1H), 3.66 (ddd, J= 12, 9,
3 Hz, 1H), 3.57 (ddd, J= 12, 9, 3 Hz, 1H), 3.45 (s, 3H), 3.30 (dt, J= 7,3 Hz, 1H), 3.13 (dd, J
= 9, 3 Hz, 1H), 1.62-1.82 (m, 5H), 1.48-1.58 (m, 1H), 1.00-1.29 (m, 5H); ' 3C NMR (125
MHz, CDC13) 8 98.0, 87.8, 64.0, 55.9, 40.4, 29.4, 28.9, 26.6, 26.4, 26.4; IR (film) 3442,
2926, 2852, 1450, 1210, 1141, 1103, 1035, 918 cm'; HRMS ESI (m/z): [M+Na]+ calcd for
CloH 2oO3Na, 211.1305; found 211.1302. [a]D = -64.0 (c 0.5, CHC13).
H
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(R)-Cyclohexyl-methoxymethoxy-acetaldehyde (2a): To a stirring solution of (2R)-2-
cyclohexyl-2-methoxymethoxy-ethanol (6) (4 mmol, 0.753 g) in dichloromethane (100 mL),
was added Dess-Martin reagent24 (4.2 mmol, 1.7 g). The reaction was stirred 0.5 h at room
temperature and concentrated. Silica gel chromatography (30% EtOAc/hexane) afforded the
title compound (674 mg, 91% yield). Rf 0.51 (30% EtOAc/hexane); 1H NMR (500 MHz,
CDCl3) 8 9.64 (d, J= 2.5 Hz, 1H), 4.72 (d, J= 7 Hz, 1H), 4.67 (J = 7 Hz, 1H), 3.68 (dd, J=
6, 2.5 Hz, 1H), 3.41 (s, 3H), 1.62-1.83 (m, 5H), 1.11-1.25 (m, 5H); '3 C NMR (125 MHz,
24 (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4156-4158. (b) Ireland, R. E.; Liu, L. J. Org. Chem. 1993, 58, 2899-
2899.
CDC13) 8 203.9, 97.2, 86.7, 56.2, 39.7, 29.1, 28.0, 26.3, 26.3, 26.2; IR (film) 2930, 2855,
2825, 2718, 1733, 1451, 1404, 1379, 1290, 1273, 1213, 1158, 1143, 1107, 1084, 1039, 961,
919, 889, 774, 730 cm'; HRMS ESI (m/z): [M+Na]+ calcd for CloH 18O3Na, 209.1148;
found 209.1149. [a]D = +70.0 (c 2.0, CHC13).
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(R)-methyl 2-cyclohexyl-2-(trimethylsilyloxy)acetate (7): Caution! Diazomethane is a
highly toxic and very explosive gas! Handle all materials in a well-ventilated fume hood
behind a blast shield at all times! (R)-2-cyclohexyl-2-hydroxy-acetic acid 25 (6.32 mmol, 1 g)
was dissolved in acetone (20 mL) in a 20 x 180 mm test tube. In a separate 20 x 180 mm test
tube, potassium hydroxide (-500 mg) was solubilized completely in EtOH (20 mL) using a
high-speed vortexer (alternatively, sonication of the suspension will suffice). The two test
tubes were sealed with two rubber stoppers (each with two holes drilled through) and
connected with three fire-polished glass hoses (using glycerol as a lubricant), assembled as
illustrated in Figure 3.
tn filmo
KOH
in
hood
>strate in
cetone
Diazald
generation reaction
flask flask
Figure 2. Valentekovich apparatus
25 Masamune, S.; Choy, W. Aldrichimica Acta 1982, 15, 47-64.
Nitrogen was then passed through the generation flask (containing the KOH solution) until a
steady flow is observed. Diazald" (100 mg at a time) was continuously scooped into the
generation flask and, upon re-establishment of the steady flow, the solution in the reaction
flask gradually turned a deep yellow color indicating saturation with diazomethane. At this
point, both flasks were allowed to purge with nitrogen until both solutions turned clear in
color. The solution in the reaction flask was then concentrated to give (R)-methyl-2-
cyclohexyl-2-hydroxyacetate as a clear oil (1.1 g, 99%) verified to be >95% pure by 'H
NMR. A portion of this material (2.9 mmol, 500 mg) was subsequently dissolved in
dichloromethane (25 mL) and cooled to 0 oC, whereupon 2,6-lutidine (6.38 mmol, 0.7 mL)
was introduced followed by portion-wise addition of trimethylsilyltrifluoromethane sulfonate
(5.22 mmol, 1 mL). The reaction was stirred while warming to r.t. over 1 h before the
addition of H20 (10 mL). Further dilution with Et20 (25 mL) was necessitated followed by
separation of the two layers. Extracted the aqueous layer with Et20 (2 x 20 mL), dried the
combined organic portions with MgSO 4, filtered and concentrated in vacuo. The crude
residue was purified by silica gel chromatography (5% EtOAc/hexane) to provide the methyl
ester (7) as a clear oil (709 mg, 98% yield). Rf 0.36 (10% EtOAc/hexane); 'H NMR (500
MHz, CDC13) 6 3.93 (d, J= 4.3 Hz, 1H), 3.73 (s, 3H), 1.80-1.49 (m, 6H), 1.34-1.02 (m, 5H),
0.12 (s, 9H); ' 3C NMR (125 MHz, CDC13) 6 174.2, 76.8, 51.9, 42.3, 29.3, 27.8, 26.4, 26.3,
26.1, -0.1; IR (film) 2930, 2855, 1756, 1737, 1451, 1251, 1145, 1030, 902, 842, 751 cm-';
HRMS ESI (m/z): [M+H]÷ calcd for C12H250 3Si, 245.1567; found 245.1571. [a]D = +36.4 (c
4.4, CHC13).
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(R)-2-cyclohexyl-2-(trimethylsilyloxy)acetaldehyde (2b): To a cold (-90 oC, liq. N2/EtOH
slush bath) solution of 7 (1.68 mmol, 410 mg) in CH 2Cl2/hexane (1:1, 10 mL) was added
diisobutylaluminum hydride (1 M solution in CH 2C12, 2.01 mmol, 2 mL) via syringe pump
over a 15 min period with rapid mixing of the reaction mixture. The resulting solution was
stirred 2.5 h after completion of the addition. Methanol (2 mL) was added dropwise to
quench the reaction at -90 oC. Et20O (40 mL) and a saturated solution of Rochelle's salt (30
mL) were added, and the solution was vigorously stirred at ambient temperature until
emulsion ceased. The mixture was extracted with Et20 (2 x 15 mL), dried over MgSO 4, and
concentrated in vacuo. Silica gel chromatography (5% EtOAc/hexane) afforded the aldehyde
(235 mg, 65% yield). Rf0.36 (10% EtOAc/hexane); 1H NMR (500 MHz, CDCl3) 8 9.58 (s,
1H), 3.68 (d, J= 5.0 Hz, 1H), 1.78-1.56 (m, 6H), 1.29-1.08 (m, 5H), 0.12 (s, 9H); '3C NMR
(125 MHz, CDC13) 6 204.9, 81.9, 40.9, 29.1, 27.7, 26.4, 26.3, 26.2, 0.2; IR (film) 2929,
2856, 1736, 1452, 1351, 1253, 1146, 1092, 1030, 1015, 927, 844, 686 cmn'; HRMS ESI
(m/z): [M+Na] + calcd for CllH 250 2Si, 237.1281; found 237.1291. [a]D = +15.0 (c 1.6,
CHCl 3).
HO" JMe
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(2R)-2-Methoxymethoxy-octan-l-ol (8): To the stirring solution of (2R)-octane-1,2-diol 23
(29 mmol, 4.32 g) in dichloromethane (100 mL), were added DL-camphorsulfonic acid (2.4
mmol, 0.559 g) and trimethyl orthoformate (45 mmol, 4.9 mL). The solution was stirred 24
h at ambient temperature. Triethylamine (29 mL) was added, and the solution was
concentrated. The residue was purified by flash chromatography on silica gel (30%
EtOAc/hexane) to afford a mixture of diastereomeric cyclic orthoesters. The mixture (28
mmol) was dissolved in dichloromethane (280 mL) and cooled to -78 'C.
Diisobutylaluminum hydride (112 mmol, 112 mL of 1 M solution in hexane) was added
slowly, and the solution was stirred 1.5 h at -78 TC. The reaction was warmed to 0 oC and
stirred 1.5 h. Methanol (15 mL) was added dropwise to quench the reaction. Ether and a
saturated solution of Rochelle's salt were added, and the solution was stirred at ambient
temperature until it became clear. The solution was extracted with ether (2 x 500 mL), dried
over magnesium sulfate, and concentrated. Silica gel chromatography (50% EtOAc/hexane)
afforded the primary alcohol (3.87 g, 66% yield). Rf 0.32 (50% EtOAc/hexane); 1H NMR
(500 MHz, CDC13) 8 4.75 (d, J= 7 Hz, 1H), 4.70 (d, J= 7 Hz, 1H), 3.48-3.63 (m, 3H), 3.44
(s, 3H), 3.08 (dd, J = 8, 4 Hz, 1H), 1.24-1.57 (m, 10H), 0.89 (t, J = 7 Hz, 3H); 13C NMR
(125 MHz, CDC13) 6 97.2, 82.7, 66.0, 55.9, 32.0, 31.9, 29.5, 25.7, 22.8, 14.3; IR (film):
3446, 2929, 2858, 1457, 1212, 1153, 1104, 1038, 918 cm'-; HRMS ESI (m/z): [M+Na]÷
calcd for Co0H2203Na, 213.1461; found 213.1466. [ac]D = -44.9 (c 1.07, CHC13).
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(2R)-Cyclohexyl-2-(4-methoxybenzyloxy)-ethanol (9): To the stirring solution of (1R)-1-
cyclohexyl-ethane-1,2-diol (16 mmol, 2.32 g) in dichloromethane (64 mL), were added
pyridinium p-toluenesulfonate (1.28 mmol, 0.32 mg) and p-anisaldehyde dimethylacetal (16
mmol, 2.7 mL). The solution was stirred 24 h at ambient temperature. Triethylamine (20
mL) was added, and the solution was concentrated. The residue was purified by flash
chromatography on silica gel (30% EtOAc/hexane) to afford a mixture of diastereomeric
cyclic acetals. The mixture (14 mmol) was dissolved in dichloromethane (140 mL) and
cooled to --78 oC. Diisobutylaluminum hydride (54 mmol, 54 mL of 1 M solution in
hexane) was added slowly, and the solution was stirred 1.5 h at -78 oC. The reaction was
warmed to 0 oC and stirred 1.5 h. Methanol (5 mL) was added dropwise to quench the
reaction. Ether and a saturated solution of Rochelle's salt were added, and the solution was
stirred at ambient temperature until it became clear. The solution was extracted with ether (2
x 250 mL), dried over magnesium sulfate, and concentrated. Silica gel chromatography
(25% EtOAc/hexane) afforded the title compound (3.07 g, 73% yield). Rf 0.25 (25%
EtOAc/hexane); 'H NMR (500 MHz, CDC13) 8 7.27-7.30 (m, 2H), 6.89-6.91 (m, 2H), 4.56
(d, J= 11 Hz, 1H), 4.49 (d, J= 11 Hz, 1H), 3.82 (s, 3H), 3.71 (dd, J= 11, 3 Hz, 1H), 3.59
(dd, J = 11, 7 Hz), 3.25 (dt, J= 7, 3 Hz, 1H), 1.61-1.91 (m, 7H), 0.96-1.29 (m, 5H); 13C
NMR (125 MHz, CDC13) 8 159.4, 130.8, 129.6, 114.0, 84.3, 72.3, 61.9, 55.4, 39.3, 29.4,
28.9, 26.7, 26.4, 26.4; IR (film) 3432, 2999, 2926, 2852, 1613, 1586, 1614, 1465, 1450,
1421, 1395, 1340, 1302, 1248, 1173, 1150, 1111, 1092, 1075, 1037, 931, 891, 923, 755, 668,
637 cm-1; HRMS ESI (m/z): [M+Na]÷ calcd for C16H240 3Na, 287.1618; found 287.1621.
[a]D = -11.4 (c 2.2, CHC13).
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(R)-Cyclohexyl-(4-methoxybenzyloxy)-acetaldehyde (2c): To a stirring solution of (2R)-2-
cyclohexyl-2-(4-methoxy-benzyloxy)-ethanol (9) (1 mmol, 264 mg) in dichloromethane (25
mL), was added Dess-Martin reagent (1.05 mmol, 445 mg). The reaction was stirred 0.5 h at
room temperature and concentrated. Silica gel chromatography (30% EtOAc/hexane)
afforded the title compound (230 mg, 88% yield). Rf0.54 (30% EtOAc/hexane); 'H NMR
(500 MHz, CDC13) 8 9.63 (d, J= 3 Hz, 1H), 7.26-7.29 (m, 2H), 6.88-6.90 (m, 2H), 4.60 (d, J
= 12 Hz, 1H), 4.42 (d, J= 12 Hz), 3.81 (s, 3H), 3.47 (dd, J= 6, 3 Hz, 1H), 1.61-1.79 (m, 6H),
1.13-1.26 (m, 5H); '3C NMR (125 MHz, CDC13) 8 205.0, 159.6, 129.9, 129.7, 114.1, 87.6,
72.8, 55.5, 39.7, 28.9, 28.2, 26.3, 26.2, 26.1; IR (film): 3000, 2929, 2854, 2711, 1730, 1613,
1586, 1514, 1464, 1451, 1423, 1372, 1303, 1249, 1212, 1174, 1112, 1090, 1073, 1060, 1035,
931, 889, 822, 752, 710 cm-1; HRMS ESI (m/z): [M+Na] + calcd for C16H240 3Na, 285.1461;
found 285.1461. [a]D = +25.4 (c 1.85, CHC13).
Standard Procedure for Catalytic Reductive Couplings of Aldehydes and Alkynes: An
oven-dried 10 mL, round-bottom flask was charged with Ni(cod) 2 (0.03 mmol, 8.75 mg) and
(S)-(+)-neomenthyldiphenylphosphine (0.06 mmol, 19.5 mg) in a glove box and
subsequently placed under an argon atmosphere. Ethyl acetate (1.5 mL), DMI (1.5 mL), and
triethylborane (0.6 mmol, 87 ltL,) were added, and the solution was cooled to -10 oC. To the
stirring solution was added the aldehyde (0.45 mmol) and the solution was allowed to stir for
5 min before the alkyne (0.3 mmol) was added. The reaction mixture was stirred for 20 h
maintaining the temperature at -10 oC. The solution was quenched by the addition of 3 M
NaOH (1 mL) and 30% H20 2 (3 drops). The resulting mixture was extracted with ether,
dried over MgSO 4, filtered through a plug of silica, and concentrated in vacuo.
Diastereoselectivity was determined by 1H NMR of the crude reaction residue. The residue
was then purified by flash column chromatography.
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(E)-(1R,2S)-l-Cyclohexyl-l-methoxymethoxy-3-methyl-4-phenyl-but-3-en-2-ol (3a): The
reductive coupling of 1-phenyl-l-propyne (la) (0.3 mmol, 38 pL) and 2a (0.45 mmol, 84
mg) was performed using the standard procedure. The residue was purified by flash column
chromatography (10% EtOAc/hexane) to afford the title compound (79 mg, 87% yield, 90:10
d.r.). Rf 0.11 (10% EtOAc/hexane); 1H NMR (300 MHz, CDC13) 8 7.22-7.41 (m, 5H), 6.57
(s, 1H), 4.76 (d, J= 11 Hz, 1H), 4.60 (d, J = 11 Hz, 1H), 4.30 (br s, 1H), 3.48 (m, 1H), 3.45
(s, 3H), 3.16-3.18 (m, 1H), 1.90-1.99 (m, 1H), 1.92 (s, 3H), 1.52-1.82 (m, 5H), 1.05-1.30 (m,
5H); 13C NMR (75 MHz, CDC13) 8 137.9, 137.9, 129.3, 128.3, 127.7, 126.6, 98.9, 87.9,
77.0, 56.4, 39.7, 30.8, 28.4, 26.6, 26.5, 26.4, 14.8; IR (film) 3446, 3081, 3055, 3023, 2927,
2852, 1560, 1492, 1449, 1363, 1295, 1266, 1240, 1210, 1146, 1106, 1032, 971, 919, 862,
751, 699 cm-; HRMS ESI (m/z): [M+Na]÷ calcd for C19H2803Na, 327.1931; found
327.1944. [cx]D = -28.1 (c 8.8, CHC13).
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(E)-(1R,2S)-1-Cyclohexyl-1-methoxymethoxy-3-methyl-4-naphthalen-1-yl-but-3-en-2-ol
(3b): The reductive coupling of 1-prop-1-ynylnaphthalene (Ib) (0.3 mmol, 50 mg) and 2a
(0.45 mmol, 84 mg) was performed using the standard procedure. Silica gel chromatography
(10% EtOAc/hexane) afforded the title compound (99 mg, 93% yield, 83:17 d.r.). Rf 0.20
(10% EtOAc/hexane); 1H NMR (500 MHz, CDC13) 8 7.99- 8.00 (m, 1H), 7.86-7.88 (m, 1 H),
7.77 (d, J= 8 Hz, 1H), 7.45-7.50 (m, 3H), 7.35 (d, J= 8 Hz, 1H), 7.01 (s, 1H), 4.83 (d, J= 6
Hz, 1H), 4.65 (d, J = 6 Hz, 1H), 4.49 (t, J= 5 Hz, 1H), 3.55 (dd, J = 7, 5 Hz, 1H), 3.49 (s,
3H), 3.45 (d, J= 5 Hz, 1H), 2.08 (br d, J= 12 Hz, 1H), 1.66-1.89 (m, 5H), 1.79 (s, 3H), 1.10-
1.39 (m, 6f1); 13C NMR (125 MHz, CDC13) 8 139.5, 135.2, 133.7, 132.2, 128.7, 127.2,
126.8, 125.9, 125.9, 125.7, 125.5, 125.4, 99.0, 88.4, 76.7, 56.5, 39.9, 30.8, 28.8, 26.7, 26.5,
26.4, 15.1; IR (film) 3440, 2925, 2851, 1591, 1508, 1449, 1210, 1144, 1102, 1029, 971, 918,
784 cm-'; HRMS ESI (m/z): [M+Na] ÷ calcd for C2 3H300 3Na, 377.2087; found 377.2083.
[a]D = -3.3 (c 2.7, CHCl3).
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(1R,2S)-l-Cyclohexyl-1-methoxymethoxy-3-[1-phenyl-meth-(E)-ylidene]-pentan-2-ol
(3c): The reductive coupling of l-phenyl-l-butyne (Ic) (0.3 mmol, 43 I[L) and 2a (0.45
mmol, 84 mg) was performed using the standard procedure. Silica gel chromatography (10%
EtOAc/hexane) afforded the title compound (52 mg, 54% yield, >95:5 d.r.). Rf 0.14 (10%
EtOAc/hexane); 1H NMR (500 MHz, CDCl 3) 8 7.22-7.36 (m, 5H), 6.68 (s, 1H), 4.77 (d, J =
7 Hz, 1H), 4.63 (d, J= 7 Hz, 1H), 4.44 (br s, 1H), 3.51 (t, J= 5 Hz, 1H), 3.45 (s, 3H), 2.89
(d, J= 3.5 Hz), 2.48-2.54 (m, 1H), 2.13-2.19 (m, 1H), 2.00 (br d, 1H), 1.65-1.77 (m, 5H),
1.12-1.28 (m, 5H), 1.13 (t, J= 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) 8 143.6, 138.1,
128.9, 128.5, 126.8, 126.6, 98.3, 86.6, 75.1, 56.4, 39.4, 31.2, 28.3, 26.7, 26.7, 26.5, 22.5,
14.2; IR (film) 3457, 2928, 2852, 1493, 1449, 1240, 1144, 1104, 1032, 919, 749, 699 cm-';
HRMS ESI (m/z): [M+Na]+ calcd for C20H3003Na, 341.2087; found 341.2083. [a]D = -7.7
(c 0.91, CHCL3).
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(E)-(1R,2S)-l-Cyclohexyl-3-cyclopropyl-1-methoxymethoxy-4-phenyl-but-3-en-2-ol
(3d): The reductive coupling of cyclopropylethynylbenzene (Id) (0.3 mmol, 43 mg) and 2a
(0.45 mmol, 84 mg) was performed using the standard procedure. Silica gel chromatography
(10% EtOAc/hexane) afforded the title compound (61 mg, 62% yield, >95:5 d.r.). Rf 0.14
(10% EtOAc/hexane); 1H NMR (500 MHz, CDC13) 8 7.21-7.46 (m, 5H), 6.82 (s, 1H), 4.79
(d, J = 6.5 Hz, 1H), 4.66 (d, J= 6.5 Hz, 1H), 4.32 (t, J= 4.5 Hz, 1H), 3.61 (t, J= 4.5 Hz,
1H), 3.45 (s, 3H), 2.85 (d, J= 5 Hz, 1H), 2.00 (d, J= 12 Hz, 1H), 1.56-1.78 (m, 6H), 1.10-
1.29 (m, 5H), 0.68-0.79 (m, 2H), 0.36-0.49 (m, 2H); 13C NMR (125 MHz, CDC13) 8 140.7,
137.7, 129.6, 128.3, 128.0, 126.6, 98.2, 86.7, 74.4, 56.4, 39.4, 31.2, 28.5, 26.7, 26.6, 26.5,
12.4, 8.3, 7.2; IR (film) 3456, 2927, 2852, 1493, 1448, 1144, 1104, 1031, 919, 760, 697 cm
1; HRMS ESI (m/z): [M+Na] + calcd for C21H3003Na, 353.2087; found 353.2089. [a]D =
+2.13 (c 6.1, CHC13).
OH
OMOM
NHBoc
3e
(3S,4R)-4-Cyclohexyl-3-hydroxy-4-methoxymethoxy-2-[l-phenyl-meth-(E)-ylidene]-
butyl-carbamic acid tert-butyl ester (3e): The reductive coupling of (3-phenyl-prop-2-
ynyl)-carbamic acid t-butyl ester (le) (0.3 mmol, 69 mg) and 2a (0.45 mmol, 84 mg) was
performed using the standard procedure. Silica gel chromatography (10% EtOAc/hexane)
afforded the title compound (75 mg, 60% yield, 95:5 d.r.). Rf 0.13 (10% EtOAc/hexane); 1H
NMR (500 MHz, CDC13) 8 7.22-7.37 (m, 5H), 6.72 (s, 1H), 5.14 (bs, 1H), 4.76 (d, J= 7 Hz,
1H), 4.37 (d, J= 5.5 Hz, 1H), 4.01 (br s, 2H), 3.47 (t, J= 5.5 Hz, 1H), 1.95 (m, 1H), 1.61-
1.79 (m, 5H), 1.43 (s, 9H), 1.05-1.40 (m, 5H); 13C NMR (125 MHz, CDC13) 8 156.4, 138.1,
136.7, 132.1, 128.8, 128.6, 127.4, 98.9, 87.7, 79.6, 75.7, 56.4, 39.8, 38.3, 30.7, 28.6, 28.0,
26.6, 26.5, 26.3; IR (film) 3376, 2929, 2852, 1690, 1507, 1450, 1392, 1366 1250, 1168,
1044, 920, 700 cm-1; HRMS ESI (m/z): [M+Na]+ calcd for C24H37NO 5Na, 442.2564; found
442.2568. [a(D = -30 (c 0.4, CHC13).
OH
M eOPMBMe
3f
(1R,2S)-1-cyclohexyl-l-(4-methoxy-benzyloxymethoxy)-3-[1-phenyl-meth-(E)-ylidenel-
pentan-2-ol (3f): In the reductive coupling of 1-phenyl-l-butyne (Ic) (0.3 mmol, 39 mg)
and (2c) (118 mg, 0.45 mmol), the standard procedure was used. Silica gel chromatography
(10% EtOAc/hexane) afforded the title compound (87 mg, 74% yield, >95:5 d.r.). Rf 0.15
(10% EtOAc/hexane); 1H NMR (500 MHz, CDCl3) 8 7.33-7.36 (m, 2H), 7.22-7.28 (m, 5H),
6.86-6.89 (m, 2H), 6.73 (s, 1H), 4.57 (d, J= 11 Hz, 1H), 4.51 (d, J= 11 Hz, 1H), 4.49 (d, J=
5.5 Hz, 1H), 3.81 (s, 3H), 3.38 (dd, J= 5.5, 3.5 Hz, 1H), 2.48-2.55 (m, 1H), 2.26 (br s, 1H),
2.03-2.10 (m, 1H), 1.98 (m, 1H), 1.57-1.76 (m, 5H), 1.16-1.39 (m, 5H), 1.11 (t, J= 7.5 Hz,
3H); 13C NMR (125 MHz, CDCl3) 8 159.3, 143.9, 138.1, 130.8, 129.6, 128.8, 128.4, 126.5,
126.0, 113.9, 85.1, 74.1, 73.6, 55.5, 39.5, 31.5, 27.5, 26.9, 26.7, 26.6, 22.7, 14.1; IR (film):
3462, 2927, 2851, 1612, 1514, 1449, 1302, 1248, 1173, 1074, 1035, 822, 749, 699 cm-1;
HRMS ESI (m/z): [M+Na]+ calcd for C26H3403Na, 417.2406; found 417.2400. [a]D = -17.1
(c 1.17, CHC13).
OH
N OMOMMe
3g
(1R,2S)-1-Methoxymethoxy-1-phenyl-3-[ l-phenyl-meth-(E)-ylidene]-pentan-2-ol (3g):
The reductive coupling of 1-phenyl-l-butyne (Ic) (0.3 mmol, 39 mg) and 2d (0.45 mmol, 81
mg) was performed using the standard procedure. Silica gel chromatography (10%
EtOAc/hexane) afforded the title compound (35 mg, 39% yield, >95:5 d.r.) and the syn
diastereomer (18 mg, 18%, >95:5 d.r.) for a combined yield of 57%. Rf 0.15 (10%
EtOAc/hexane); 'H NMR (500 MHz, CDC13) 6 7.14-7.37 (m, I0H), 6.33 (s, 1H), 4.77 (d, J=
5.5 Hz, 1H), 4.62 (d, J= 6.5 Hz, 1H), 4.60 (d, J= 6.5 Hz, 1H), 4.55 (dd, J= 5.5, 2.5 Hz, 1H),
3.36 (s, 3H), 2.42-2.49 (m, 1H), 2.15-2.22 (m, 1H), 2.05 (d, J= 2.5 Hz, 1H), 1.17 (t, J= 7.5
Hz, 3H); '3C NMR (125 MHz, CDC13) 8 142.8, 137.8, 137.5, 128.7, 128.5, 128.4, 128.3,
128.3, 127.5, 126.6, 94.6, 80.3, 77.4, 56.0, 22.8, 14.0; IR (film) 3463, 3028, 2963, 2887,
1599, 1494, 1454, 1377, 11211, 1149, 1101, 1034, 969, 919, 747, 699 cmn-; HRMS ESI
(m/z): [M+Na]÷ calcd for C20oH2403Na, 335.1618; found 335.1618. [Mc]D = -10.0 (c 3.2,
CHC13).
OH
Me
00 OMOM
3h
(4S,5R)-5-Methoxymethoxy-3-[1-phenyl-meth-(E)-ylidene]-undecan-4-ol (3h): The
reductive coupling of 1-phenyl-l-butyne (Ic) (0.3 mmol, 39 mg) and 2e (0.45 mmol, 87 mg)
was performed using the standard procedure. Silica gel chromatography (10%
EtOAc/hexane) afforded the title compound as a 4:1 mixture of diasteromers determined by
'H NMR (83 mg, 86% yield, 80:20 d.r.). R 0.15 (10% EtOAc/hexane); 1H NMR (500 MHz,
CDC13) 8 7.20-7.38 (m, 6.7H), 6.68 (s, 1H), 6.56 (s, 0.3H), 4.82 (d, J= 7 Hz, 1H), 4.76 (d, J
= 7 Hz, 0.3H), 4.72 (d, J= 7 Hz, 0.3H), 4.71 (d, J= 7 Hz, 1H), 4.49 (d, J= 3 Hz, 1H), 4.41
(d, J= 3 Hz, 0.3H), 3.76 (dt, J= 7.3 Hz), 3.64 (dt, J= 7.3 Hz, 0.3H), 3.46 (s, 3H), 3.44 (s,
0.9H), 3.30 (dd, J= 3.5 Hz, 0.3H), 2.60 (br s, 1H), 2.51 (m, 1H), 2.43 (m, 0.3H), 2.25 (m,
0.3H), 2.06 (m, 1H), 1.40-1.65 (m, 2.6H), 1.25-1.36 (m, 10.4H), 1.13 (t, J= 7.5 Hz, 0.9H),
1.12 (t, J= 7.5 Hz, 3H), 0.89 (t, J= 7 Hz, 0.9 H), 0.88 (t, J= 7 Hz, 3H); 13C NMR (125
MHz, CDC13) 8 143.6, 142.3, 138.0, 137.9, 128.9, 128.9 128.5, 128.4, 127.7, 126.7, 126.6,
125.8, 97.7, 96.5, 82.8, 80.5, 78.1, 74.9, 56.2, 56.2, 32.3, 32.1, 32.0, 29.6, 28.6, 26.2, 25.6,
22.9, 22.8, 22.5, 22.0, 14.3, 14.3, 14.1, 13.8; IR (film): 3463, 3056, 2955, 2858, 1600, 1576,
1494, 1378, 1305, 1213, 1132, 1098, 919, 781, 748, 699 cm-1; HRMS ESI (m/z): [M+Na]÷
calcd for C20H320 3Na, 343.2244; found 343.2243.

Chapter 1: Spectra
E
Q.
r=CL
C**
1-
0
Oco
0
L,
in
0C)
0
0
0
El5
CL
CL
en
I
]me CIa
14
P
co coCV)
C-4Ci"D
co
0!
100
Cd
EC-
'-
N
cJ
1-
C-44 o
Oo0 c0
I
cliio
-
E!
I'-
0,
0D
12
co
cr)
C,
to
co
o
to
-4W-U3
OO
41
E
a.
-n
r•
U,
04
to
lpo
cc
'-
'-.
co
o
C,
I0
43
aC
Oco0I
E
0.
N
LI,
co
- a-i
)CD
OCn
O
O 00
ECL,
Nj
cr)LI,
C'-
m
a-
0
0
E
C.
C)
'-
0
--Ico
0D
C3
47
47a
CL
U,
CY
0,
to
C"
O OI cna-
0
E
12.5c
II
j-
S-N
0C to0N
o
oCoN
4l
49
E
.
ci
DO
I-
0
00'r
U)11 a
m
ENJ
O
0
0,..
M
ir
CO
=r
,-I
L
-·-~--~- ---- --
2,, o
S
cJ
CLI
CO
c,
K0
0
0" 0r
__ ·
0m--L
CE
CL
(D
54.
-t
m~----~111
OO( "0C 0
IL /
E
-C
NO
0,
s C)
0'**
U
0
,J
I-----
E
C.
N.crL
-..o
r
Om
Z cl)
,_
V-4
E
c.
CD
coNI
o
- C
C2
CD
U3
00
NC=
cli
No
NC\J
cN
(m
a
0I./1, co
KE0.
-N
cY)
Lfl
cD
n
"N

O0
/ n
E
rU
cO
cn
62
: 0,
01.. ci
ce:
63
E
I
=
-1
4
----~-·1111111
E
L.
-00NCa,
64
U ,
U) f
-i
-1
~1
ii
ii
EC.
N
cm
F:
IE
o
-4C-
.. n
4-
I*
F-tc•J
I
s __ __
~

Chapter 2
Application of the Ni-Catalyzed Reductive Coupling of a-Oxyaldehydes to
the Synthesis of the C15-C26 Fragment of Amphidinolide H3
Introduction
In the mid 1980s, Professor Jun'ichi Kobayashi initiated a program aimed at identifying
bioactive substances from marine organisms. During his search, the class of natural products
known as the amphidinolides was unearthed.1 The members of the amphidinolide family
(numbering thirty-nine at present) comprise of some of the most structurally intriguing and
pharmacologically significant compounds isolated to date (Fig. 1).
Me .OH OH
M HO".
HO,, M 1 M e,12 2 , MeHO"
Me Me
HO a 1
amphidinolide A amphidinolide B1
,Me
amphidinolide N amphidinolide Ti
Figure 1. Representative amphidinolides
These molecules are secondary metabolites isolated from different strains of symbiotic
dinoflagellates Amphidinium sp. that reside within the inner tissue of the marine flatworm
Amphiscolopes sp. collected off the coast of the Okinawan islands. The amphidinolides were
found to sometimes possess unusual odd-numbered macrolactone rings and irregular
oxygenation patterns compared to their polyketide counterparts, suggesting that the former
originate from a distinct biogenetic pathway. Their structural makeup is also unique, with an
elaborate display of multiple chiral centers, various oxygen heterocycles including epoxides,
For reviews of the amphidinolides, see: (a) Kobayashi, J.; Tsuda, M. Nat. Prod. Rep. 2004, 21, 77-93. (b) Chakraborty, T.
K.; Das, S. Curr. Med. Chem.: Anti-Cancer Agents 2001, 1, 131-149. (c) Kobayashi, J.; Ishibashi, M. In Comprehensive
Natural Products Chemistry. Mori, K., Ed.; Elsevier: New York, 1999; Vol. 8, pp 619-649. For a current website pertinent
to amphidinolide literature, see: (d) http://www2.onu.edu/-b-myers/amp/amphidinolides.html.
riu". OH
Me OH HO
Me 125 MeOH OH 0
0` 011ýý
tetrahydrofurans and tetrahydropyrans, as well as varying degrees of double-bond
unsaturation along their backbones. The complexity of these functional group arrangements
renders each of them as daunting synthetic challenges.
Additionally, the amphidinolides possess acute in vitro antineoplastic activity against
murine lymphoma L1210 and human epidermoid carcinoma KB cell lines (Table 1). Most
notably amphidinolides B1, B4, Bs, C1, G1, H1 and N exhibit the greatest efficacy, with ICso
values as low as 50 pg/mL.
Table 1a
cytotoxicity cytotoxicity cytotoxicity
amphidinolide (IC5o p•g/mL) amphidinolide (IC5o [tg/mL) amphidinolide (IC5o ltg/mL)
L1210 KB L1210 KB L1210 KB
A 2.0 5.7 H1  0.00048 0.00052 Q 6.4 >10
B 1  0.00014 0.0042 H 2  0.06 0.06 R 1.4 0.67
B3  -- -- H 3  0.002 0.022 S 4 6.5
B4  0.00012 0.001 H4  0.18 0.23 T1 18 35
Bs 0.0014 0.004 H5  0.2 0.6 T2 10 11.5
C1  0.0058 0.0046 J 2.7 3.9 T3 7.0 10
C2 0.8 3 K 1.65 2.9 T4 11 18
D 0.019 0.08 L 0.092 0.1 Ts 15 20
E 2.0 10 M 1.1 0.44 U 12 20
F 1.5 3.2 N 0.00005 0.00006 V 3.2 7
G, 0.0054 0.0046 caribenolide I -- -- W 3.9 --
G2  0.3 0.8 0 1.7 3.6 X 0.6 7.5
G3  0.72 1.3 P 1.6 5.8 Y 0.8 8.0
a Data compiled and reported in ref. Id. b B-type amphidinolides indicated by bold typeface (vide infra).
The distinctive architecture of the amphidinolides, coupled with their striking biological
activity, make them particularly attractive targets for chemical synthesis, and indeed several
innovative synthetic approaches have been developed to this end.lb These in turn have led to
elegant total syntheses of eleven members of this class of natural products.2
2 Proposed structure of amphidinolide A: (a) Lam, H. W.; Pattenden, G. Angew. Chem., Int. Ed. 2002, 41, 508-511. (b)
Maleczka, R. E., Jr.; Terrell, L. R.; Geng, F.; Ward, J. S., III. Org. Lett. 2002, 4, 2841-2844. (c) Trost, B. M.; Chisholm, J.
D.; Wrobleski, S. T.; Jung, M. J. Am. Chem. Soc. 2002, 124, 12420-12421. Structural revision and total synthesis of
amphidinolide A: (d) Trost, B. M.; Harrington, P. E. J. Am. Chem. Soc. 2004, 126, 5028-5029. Amphidinolide J: (e)
Williams, D. R.; Kissel, W. S. J. Am. Chem. Soc. 1998, 120, 11198-11199. Amphidinolide K: (f) Williams, D. R.; Meyer,
K. G. J. Am. Chem. Soc. 2001, 123, 765-766. Amphidinolide P: (g) Williams, D. R.; Myers, B. J.; Mi, L. Org. Lett. 2000,
2, 945-948. (h) Trost, B. M.; Papillon, J. P. N. J. Am. Chem. Soc. 2004, 126, 13618-13619. Amphidinolide R: (i) Kissel, W.
S. "The Asymmetric Total Syntheses of Amphidinolides J and R," Ph.D. Thesis, Indiana University, 1998. Amphidinolide
T1: (j) Ghosh, A. K.; Liu, C. J. Am. Chem. Soc. 2003, 125, 2374-2375. (k) Colby, E. A.; O'Brien, K. C.; Jamison, T. F. J.
Am. Chem. Soc. 2004, 126, 998-999. Amphidinolide T4: (1) Fiirstner, A.; Aissa, C.; Riveiros, R.; Ragot, J. Angew. Chem.,
Int. Ed. 2002, 41, 4763-4766. (m) Colby, E. A.; O'Brien, K. C.; Jamison, T. F. J. Am. Chem. Soc. 2005, 127, 4297-4307.
A few of the congeners belonging to the subfamily collectively termed the "B-Type"
amphidinolides (so-called because of their similarity to the first member identified,
amphidinolide B1) are illustrated in Fig. 2.1a These compounds are very interesting from a
synthetic standpoint and, despite having drawn significant attention from the chemical
community, 3 none of the fourteen members (bold typeface in Table 1) have yet succumbed to
total synthesis.
Me,,
amphidinolide G1  amphidinolide H1
Me OH O Me OH O
Me 16 21 .,OH Me 16 21 .,OH
HO ' HOU'"•
Me,, 25 Me,, 25Me OH Me 2 OH
O O
amphidinolide H3  amphidinolide H4
Figure 2. Examples of B-Type Amphidinolides
Amphidinolides TI, T3, T4 and Ts: (n) Ai'ssa C.; Riveiros, R.; Ragot, J.; Fiirstner, A. J. Am. Chem. Soc. 2003, 125, 15512-
15520. Amphidinolide W: (o) Ghosh, A. K.; Gong, G. J. Am. Chem. Soc. 2004, 126, 3704-3705. Amphidinolide X: (p)
Lepage, O.; Kattnig, E.; Ftirstner, A. J. Am. Chem. Soc. 2004, 126, 15970-15971.
3 Fragment syntheses of amphidinolide BI: (a) Eshelby, J. J.; Parsons, P. J.; Sillars, N. C.; Crowley, P. J. Chem. Commun.
1995, 1497-1498. (b) Lee, D.-H.; Lee, S.-W. Tetrahedron Lett. 1997, 38, 7909-7910. (c) Chakraborty, T. K.; Suresh, V. R.
Chem. Lett. 1997, 565-566. (d) Chakraborty, T. K.; Thippeswamy, D.; Suresh, V. R.; Jayaprakash, S. Chem. Lett. 1997,
563-564. (e) Ohi, K.; Shima, K.; Hamada, K.; Saito, Y.; Yamada, N.; Ohba, S.; Nishiyama, S. Bull. Chem. Soc. Jpn. 1998,
71, 2433-2440. (f) Lee, D.-H.; Rho, M.-D. Bull. Kor. Chem. Soc. 1998, 19, 386-390. (g) Cid, B. M.; Pattenden, G. Synlett
1998, 540-542. (h) Ohi, K.; Nishiyama, S. Synlett 1999, 571-572. (i) Ishiyama, H.; Takemura, T.; Tsuda, M.; Kobayashi, J.
Tetrahedron 1999, 55, 4583-4594. (j) Ishiyama, H.; Takemura, T.; Tsuda, M.; Kobayashi, J. J. Chem. Soc. Perkin Trans. I
1999, 1163-1166. (k) Eng, H. M.; Myles, D. C. Tetrahedron Lett. 1999, 40, 2279-2282. (1) Eng, H. M.; Myles, D. C.
Tetrahedron Lett. 1999, 40, 2275-2278. (m) Chakraborty, T. K.; Thippeswamy, D. Synlett 1999, 150-152. (n) Lee, D.-H.;
Rho, M.-D. Tetrahedron Lett. 2000, 41, 2573-2576. (o) Cid, M. B.; Pattenden, G. Tetrahedron Lett. 2000, 41, 7373-7378.
(p) Zhang, W.; Carter, R. G.; Yokochi, A. F. T. J. Org. Chem. 2004, 69, 2569-2572. (q) Mandal, A. K.; Schneekloth, J. S.;
Crews, C. M. Org. Lett. 2005, 7, 3645-3648. (r) Zhang, W.; Carter, R. G. Org. Lett. 2005, 7, 4209-4212. (s)
Gopalarathnam, A.; Nelson, S. G. Org. Lett. 2006, 8, 7-10. Amphidinolides G1 and H1: (t) Chakraborty, T. K.; Suresh, V.
R. Tetrahedron Lett. 1998, 39, 9109-9112. (u) Chakraborty, T. K.; Suresh, V. R. Tetrahedron Lett. 1998, 39, 7775-7778.
Amphidinolide L: (v) Tsuda, M.; Hatakeyama, A.; Kobayashi, J. J. Chem. Soc. Perkin Trans. 1 1998, 149-155. (w)
Kobayashi, J.; Hatakeyama, A.; Tsuda, M. Tetrahedron 1998, 54, 697-704.
Me 0 Ho
H 0,0 ..,M
Me,.. 25Me OH
0 0:
The challenges posed by the B-type amphidinolides include, but are not limited to: (i) nine
stereogenic centers (three of which are contiguous); (ii) an a-hydroxy ketone; (iii) a sterically
congested E-trisubstituted 1,3-diene; (iv) and, in most cases, a sensitive vinyl epoxide; (v)
which are all embedded within a 26-membered (or 27-membered) macrocyclic lactone ring.
A)
Figure 3. X-ray crystal structures of A) amphidinolide Bl ,6a B) amphidinolide H1,6b C) overlay of
the two structures.'a
Their gross structures were elucidated by extensive iD- and 2D-NMR spectroscopy, 4' 5
and the relative structures of amphidinolides B1 and H 1 were deduced by X-ray
crystallography (Fig. 3).6 The absolute structure of amphidinolide B1 was determined by
4 Kobayashi, J.; Shimbo, K.; Kubota, T.; Tsuda, M. Pure Appl. Chem. 2003, 75, 337-342.
5 Isolations of B1 and B3: (a) Ishibashi, M.; Ohizumi, Y.; Hanashima, M.; Nakamura, H.; Hirata, Y.; Sasaki, T.; Kobayashi,
J. J. Chem. Soc., Chem. Commun. 1987, 1127-1129. (b), Ishibashi, M.; Ishiyama, H.; Kobayashi, J. Tetrahedron Lett. 1994,
35, 8241-8242. Isolations of B4 and Bs: (c) Tsuda, M.; Kariya, Y.; Iwamoto, R.; Fukushi, E.; Kawabata, J.; Kobayashi, J.
Marine Drugs 2005, 3, 1-8. Isolation of D: (d) Kobayashi, J.; Ishibashi, M.; Nakamura, H.; Ohizumi, Y.; Yamasu, T.;
Hirata, Y.; Sasaki, T.; Ohta, T.; Nozoe, S. J. Nat. Prod. 1989, 52, 1036-1041. Isolations of Gi and H1: (e) Kobayashi, J.;
Shigemori, H.; Ishibashi, M.; Yamasu, T.; Hirota, H.; Sasaki, T. J. Org. Chem. 1991, 56, 5221-5224. Isolations of G2, G3,
and H2-H5: (f) Kobayashi, J.; Shimbo, K.; Sato, M.; Tsuda, M. J. Org. Chem. 2002, 67, 6585-6592. Isolation of L: (g)
Tsuda, M.; Sasaki, T.; Kobayashi, J. J. Org. Chem. 1994, 59, 3734-3737.
6 (a) Bauer, I.; Maranda, L.; Shimizu, Y.; Peterson, R. W.; Cornell, L.; Steiner, J. R.; Clardy, J. J. Am. Chem. Soc. 1994,
116, 2657-2658. (b) Kobayashi, J.; Shimbo, K.; Sato, M.; Shiro, M.; Tsuda, M. Org. Lett. 2000, 2, 2805-2807.
degredation studies. 5b Moreover, it was found that by treatment of either amphidinolide G1
or H1 with K2CO3 in EtOH at 4 *C for 18 h, both compounds could be interconverted to a 1:1
mixture, serving as further confirmation of their stereochemical assignment.4' 6b These
molecules have also stimulated much interest in the study of their biological mode of action,
particularly in the context of actin-mediated cell function.7
We embarked on developing a unified strategy to one of the B-type amphidinolides that
could potentially be applied to the other members of this class of natural products. One of
our approaches, which will be discussed in this chapter, involves the anti-selective Ni-
catalyzed reductive coupling of alkynes and a-oxyaldehydes (see Ch. 1), applied to the
construction of the anti-diol motif at the C21-C22 region of amphidinolide H3 (Fig. 2).
Retrosynthetic Analysis of the C15-C26 Region of Amphidinolide H3
Our approach to the C15-C26 region of the complex structure of amphidinolide H3 (1) is
outlined in Fig. 4. Disconnection of the target molecule implicated allylic ether 2 as a viable
intermediate, one that would require late-stage introduction of the sensitive vinyl epoxide
moiety.
Figure 4. Retrosynthetic Analysis of the C15-C26 Region of Amphidinolide H3
Me OH O Me OR OMe 20.,OH AcO 16 0,,OR
22 Me 22 ,MeHO RO .
Me,, 25
Mme OH 2O
0
amphidinolide H3 (1)
IVMe
D - M&AD
O Me oM ·MMe OPMB Ph
AcO + H+ 2
16 20
OPMB4 5
anti-sAledtivA Ni-rctalv7Ad rAedl-tivA cn unlinn
Me
7 (a) Saito, S.; Feng, J.; Kira, A.; Kobayashi, J.; Ohizumi, Y. Biochem. Biophys. Res. Comm. 2004, 320, 961-965. (b) Usui,
T.; Kazami, S.; Dohmae, N.; Mashimo, Y.; Kondo, H.; Tsuda, M.; T., Asako, G.; Ohashi, K.; Kobayashi, J.; Osada, H.
Chem. Biol. 2004, 11, 1269-1277.
Further disconnection of 2 provides the allylic alcohol 3, setting the stage for a Ni-catalyzed
reductive coupling reaction to install the anti-1,2-diol pattern at C21-C22.8 Therefore, the
aryl alkyne (4) and a-oxyaldehyde (5) were deemed suitable starting points for this
investigation.
Results and Discussion
A. Synthesis of the C15-C20 Aryl Alkyne Fragment
The synthesis of the aryl alkyne (4) commenced with commercially available (S)-glycidol
(Scheme 1). Protection as the corresponding TBS-ether,9 followed by a Lewis acid-mediated
ring opening by the lithium acetylide derived from phenylacetylene provided the
homopropargylic alcohol (6). The resultant hydroxyl group was subsequently masked as a
PMB-ether, and the silyl ether was removed by acid hydrolysis. 10 Conversion of the primary
alcohol to the iodide under standard conditions proceeded smoothly to give alkyl iodide 7.
Scheme 1
1) NaH, PMBBr, TBAI
HO 1) TBSCI, DMAP, NEt 3  OH Ph OPMB) PhTBSO2)1% HCI in EtOH
S 2) Ph i 3) 12, PPh3 , imidazole(S)-glycidol 2) Ph Li 6 7
BF 3*OEt2
>98% ee 53% yield, 3 steps
61% yield, 2 steps
The next step in the sequence involved the installation of the second stereogenic center at
C16 (Scheme 2). In doing so, we made use of Myers' psuedoephedrine-derived chiral
auxiliary for the asymmetric alkylation with unactivated electrophiles. 11 Thus, alkylation of
the Myers auxiliary (8) with iodide 7 proceeded in excellent yield and good
8 Luanphaisamnont, T.; Ndubaku, C. O.; Jamison, T. F. Org. Lett. 2005, 7, 2937-2940.
9 Wang, J.-C.; Just, G. J. Org. Chem. 1999, 64, 8090-8097.
10 Cunico, R. F.; Bedell, L. J. Org. Chem. 1980, 45, 4797-4798.
"1 Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D. J.; Gleason, J. L. J. Am. Chem. Soc. 1997, 119, 6496-
6511.
diastereoselectivity to provide amide 9. Reductive cleavage of the auxiliary and protection as
the acetate ester furnished the desired alkyne fragment (4).
Scheme 2
OH Me Me 1) LDA(2 equiv.), LiCI OH Me Me OPMB Me OPMB Ph
1)Li(NH 2)BH3, THF
Ph :2) OPMB Ph Ph 2) Ac 2 0, DMAP, NEt 3Me O IMe O 4
8 63% yield, 2 steps
97% yield, 93:7 d.r. Ph
B. Synthesis of the C21-C26 a-Oxyaldehyde Fragment
Construction of the aldehyde fragment began with the alcohol (10) derived from the
enzymatic resolution of acetonide-protected glycerol. 12  Preparation of the corresponding
triflate and treatment in situ with lithium acetylide 11 under polar, aprotic solvent conditions,
as previously described, 13 led to the formation of the acetylene (12) in excellent yield
(Scheme 3). Remarkably, the order of the combination of these two substrates is crucial for
obtaining high yields in the reaction. Addition of a solution of the triflate to the acetylide
mixture was found to be most effective, but reversing the mode of addition resulted in severe
reduction in the reaction yield. Deprotection of the TBS ether and subsequent stereospecific
reduction of the resultant propargylic alcohol delivered the E-allylic alcohol (13) as a single
geometric isomer.14
Scheme 3
Me Me O \,,Me
O Me 1)Tf2O, NEt 3, CH2C 2  TBSO--Me 1)TBAF, THF
HO~ 2) Li ..So . 2)LiAIH 4, Et 2 0 HO
10 2L- OTBS 12 1311 72% yield, 2 steps
THF:DMPU (6:1) >95:5 E:Z
-20 OC
96% yield, 2 steps
12 Wang, Y. F.; Lalonde, J. J.; Momongan, M.; Bergbreiter, D. E.; Wong, C. H. J. Am. Chem. Soc. 1988, 110, 7200-7205.
Both enantiomers of the alcohol are commercially available from Aldrich for $17.84/g (2006 catalog).
13 Kotsuki, H.; Kadota, I.; Ochi, M. Tetrahedron Lett. 1990, 31, 4609-4612.
14 (a) Raphael, R. A. Acetylenic Compounds in Organic Synthesis; Academic Press: New York, 1955; pp 25-244. (b)
Franzus, B.; Snyder, E. I. J. Am. Chem. Soc. 1965, 87, 3423-3429. (c) Corey, E. J.; Katzenellenbogen, J. A.; Posner, G. H.
J. Am. Chem. Soc. 1967, 89, 4245-4247. (d) Grant, B.; Djerassi, C. J. Org. Chem. 1974, 39, 968-970.
The remaining two stereogenic centers on the aldehyde were installed in tandem by
performing a Sharpless asymmetric epoxidation to give the epoxy alcohol (14) with a high
level of double diastereoselectivity (Scheme 4).15 This transformation indirectly installed the
C23 (amphidinolide H3 numbering) stereogenic center by making use of a regioselective
trimethylaluminum ring opening of the epoxide to afford the 1,2-diol (15) with complete
inversion at the aforementioned stereogenic center (Scheme 4).16
Scheme 4
M.Me Me Me
0- e Me 0 
M e
HO •O Ti(Oi-Pr) 4, (+)-DET AIMe 3  Me
TBHP HO _ CH2C2 HO 23
0H 2CI2  OH
13 92% yield, >95:5 d.r. 14 61% yield, >95:5 d.r. 15
Finally, the secondary hydroxyl was protected as a PMB ether by the two step sequence
described in Scheme 5, which involved formation of the 4-methoxyphenyl acetal and
DIBAL-H reduction to provide the primary alcohol (16) exclusively. This compound was
then converted to the aldehyde (5) using the Dess-Martin periodinane (17).17
Scheme 5
0
Me M /e• Me Me Me Me Me
Me O Me 1) MeO OMe Me OA\Me O 17 0 Me OMX Me
cat. PPTS 0 (OAC) 3
HO 2) DIBAL-H, CH2CI2  HO CH2C12 OPMB
OH OPMB OPMB
15 68% yield, 2 steps 16 85% yield 5
15 Reviews: (a) Sharpless, K. B. Angew. Chem., Int. Ed. 2002, 41, 2024-2032. (b) Johnson, R. A.; Sharpless, K. B. Cat.
Asymm. Synth. 1993, 103-158. Original reports: (c) Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974-
5976. (d) Hanson, R. M.; Sharpless, K. B. J. Org. Chem. 1986, 51, 1922-1925.
16 (a) Suzuki, T.; Saimoto, H.; Tomioka, H.; Oshima, K.; Nozaki, H. Tetrahedron Lett. 1982, 23, 3597-3600. (b) Roush, W.
R.; Adam, M. A.; Peseckis, S. M. Tetrahedron Lett. 1983, 24, 1377-1380.
17 (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155-4156. (b) Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991,
113, 7277-7287. (c) Ireland, R. E.; Liu, L. J. Org. Chem. 1993, 58, 2899-2899.
C. Poor Reactivity in the Anti-Selective Ni-Catalyzed Fragment Coupling
With both of the fragments in hand, our focus shifted towards the Ni-catalyzed fragment
coupling reaction envisioned to unite them. Initial efforts were carried out using NMDPP as
the ligand for nickel in accord with our previous studies. 8 In view of the competent reactivity
previously observed in the coupling of a variety of substrates combinations that resembled 4
and 5, it was perplexing to find that this catalytic system was totally ineffective under these
present circumstances (eq. 1).
Table 2a
Me OPMB Ph
AcO 4
4
Me
SMe 0 
M e
+ H ••O
OPMB
,,OH
conditions
entry 4: 5 (mol%) phosphine temp additive yield
1 100 : 100 (+)-NMDPP 0 oC-r.t. DMI no reaction
2 100 : 100 (-)-NMDPP 0oC--r.t. DMI no reaction
3b 100 : 100 (+)-NMDPP r.t.-600C none no reaction
4 100 : 100 PBu 3  r.t. none 10% + decomp.
5 100 : 150 PBu 3  r.t.-500C none 8% + decomp.
a Standard conditions: 10 mol% Ni(cod) 2; 20 mol% phosphine; 200 mol% Et3B; 0.8 M in EtOAc. b 20 mol% Ni(cod)2 ; 40 mol% phosphine
were employed instead. Decomp. refers to unidentified side products of 4 and 5.
A survey of the reaction parameters to induce this coupling was undertaken as outlined in
Table 2. It was found that, even under forcing conditions, use of either antipode of the ligand
NMDPP gave no appreciable conversion of the coupling partners (entries 1-3). Upon
switching to the less sterically demanding ligand, tributylphosphine, we were able to realize
modest conversion to the desired product, albeit with considerable decomposition of the
starting materials (entries 4 and 5). Notably, only one diastereomer was observed from this
transformation. 18 Experiments were subsequently carried out in order to determine the origin
18 The configuration of the new stereogenic center was assigned by chemical correlation. See ref. 8.
of this lack of productive reactivity. Consistent with expectations, the alkyne (4) readily
coupled with isobutyraldehyde (with either NMDPP or PBu 3), whereas the aldehyde
fragment (5) failed to react with simpler alkynes such as 1-phenyl-l-propyne. 19 Due to the
inefficiency of this coupling reaction to yield 3, we sought an improvement to produce
similar or equivalent intermediates to complete the synthesis.
Accordingly, we explored the possibility of utilizing 1,3-enynes as the alkyne component
in the nickel-catalyzed reductive coupling. It has been recently shown that the reactivity of
xr-electrophiles that normally do not participate in the coupling reaction (such as pivaldehyde
and ketones) is greatly enhanced when 1,3-enynes are used.20 This change requires replacing
the aryl substituent on the alkyne in 4 with an alkenyl group to provide a 1,3-enyne. The
sequence of events that would furnish an intermediate related to 3 is described in the
following section.
D. Revised Retrosynthetic Analysis of the C16-C26 Region of Amphidinolide H3
The second generation approach to the C16-C26 region of amphidinolide H3 is illustrated
in Fig. 5. A number of aspects to this new approach are noteworthy and play crucial roles in
our future synthetic design towards this and other B-type amphidinolides. First, the
protecting groups on this highly-oxygenated region of the natural product would have to
avoid the use of the 4-methoxybenzyl (PMB) group because in a later deprotection step, the
standard conditions to remove this group, namely buffered DDQ,21 have been reported to be
incompatible with compounds bearing a 1,3-diene moiety.22
19 Changing the protective group on the a-hydroxyl group of the aldehyde to MOM (instead of PMB) did not improve this
coupling.
20 (a) Miller, K. M.; Luanphaisamnont, T.; Molinaro, C.; Jamison, T. F. J. Am. Chem. Soc. 2004, 126, 4130-4131. (b) Miller,
K. M.; Jamison, T. F. Org. Lett. 2005, 7, 3077-3080. (c) Miller, K. M. "Selective, Nickel-Catalyzed Carbon-Carbon
Bond-Forming Reactions of Alkynes," Ph.D. Thesis, Massachusetts Institute of Technology, 2005.
21 Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis; Wiley: New York, 1991; 2 nd ed.; pp 86-93.
22 Nicolaou, K. C.; Li, Y.; Sugita, K.; Monenschein, H.; Guntupalli, P.; Mitchell, H. J.; Fylaktakidou, K. C.; Vourloumis, D.;
Giannakakou, P.; O'Brate, A. J. Am. Chem. Soc. 2003, 125, 15443-15454.
Figure 5. Retrosynthetic Analysis of the C16-C26 Region of Amphidinolide H3 Based on 1,3-
Enyne Reductive Coupling Strategy
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It is anticipated that the rate of [4+2] cycloaddition reaction of the 1,3-diene with DDQ
would be faster than that of the deprotection. To avoid complications due to this undesired
reactivity, we resolved to employ a strategy making use of the TBS group instead as a long-
term protecting group on the C 18, C21 and C22 hydroxyl groups (Fig. 5).
Another important consideration was that, even though the Ni-catalyzed reductive
coupling of aryl-substituted alkynes and a-oxyaldehydes are known to produce the anti-1,2-
diols preferentially,8 much less was known about the stereochemical outcome of the
analogous coupling with 1,3-enynes. This issue is reflected in the retrosynthetic analysis of
amphidinolide H3 that involves ketone 18, which in turn is derived from the cleavage of the
1,3-diene (19) (Fig. 5). The selectivity of the reductive coupling reaction to yield 19
(denoted by the asterisk at C21) would need to be highly anti-selective to make this a viable
route to amphidinolide H3. Finally, although the entire sequence might not be considered
atom-economical, 23 the benefit of using the 1,3-enyne as an auxiliary that enhances the
reactivity of the aldehyde (5) would outweigh the cost of the three-carbon scission.
23 (a) Trost, B. M. Science 1991, 254, 1471-1477. (b) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1995, 34, 259-281. (c)
Trost, B. M. Acc. Chem. Res. 2002, 35, 695-705.
E. Syntheses of the 1,3-Enyne Fragments
Two different 1,3-enynes were ultimately utilized for these investigations. Their
syntheses commenced with the preparation of the enantiomerically enriched epoxide (22),
which was derived from the epoxidation of TBS-protected 3-buten-l-ol (21) and resolved to
enantiomeric purity with Jacobsen's [(S,S)-salen]Co(OAc) complex (Scheme 6).24
Scheme 6
1) TBSCI, imidazole, DMF
2) m-CPBA, CH2CI2 TBSO
TBSO" -'ý
3) H20, [(S,S)-salen]CoOAc
22
29% yield, 3 steps
>98% ee
TBSO ,TMS1)TMS -- Li, BF3aOEt2 TBS TMS
2) TBSOTf, 2,6-lutidine BO
23
88% yield, 2 steps
Boron trifluoride-mediated ring opening of 22 with lithium trimethylsilylacetylide provided a
secondary alcohol, which was directly protected as the TBS-ether under standard conditions
to give fully-protected silyl acetylene 23 (Scheme 6). The trimethylsilyl group was
selectively removed under basic conditions and a Pd-catalyzed cross coupling with vinyl
bromide using the Sonogashira protocol25 furnished the monosubstituted 1,3-enyne (20a) in
good yield (Scheme 7).
Scheme 7
TBSO TMS K2C03  TBSO H :Br , Pd(PPh3)4
TBSO" ' --- MeOH, H20 TBSO I ý Cul, i-Pr2NH
23 83% yield 24 81% yield
TBSO
TBSO
20a
Alternatively, the corresponding trisubstituted 1,3-enyne (20b) was synthesized from 24
using a method for mild E2 reactions of propargylic carbonates catalyzed by Pd(II) (Scheme
24 (a) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936-938. (b) Schaus, S. E.; Brandes, B.
D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2002,
124, 1307-1315.
25 (a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467-4470. (b) Sonogashira, K. In Metal-
Catalyzed Cross-Coupling Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinheim, 1998; Ch. 5.
HO21
21
8).26,27 Implementation of this procedure entailed the formation of the propargylic alcohol
(25) by the addition of the acetylide derived from 24 to isobutyraldehyde followed by
acylation to the corresponding carbonate, and finally elimination to arrive at 20b.
Scheme 8
TBSO H
TBSO-"24
24
n-BuLi
H Me
Me
91% yield
OH O
TBSO SOMe 1) cIOEt, DMAP, pyrdine TBSO N Me
TBSO" -'• Me 2) Pd(OAc) 2, PPh 3, THF TBSO' e
25 65 OC 20b
58% yield, 2 steps
F. Nickel-Catalyzed Reductive Coupling Utilizing 1,3-Enynes
With these easily accessible 1,3-enynes in hand, we were poised to investigate whether
the Ni-catalyzed coupling reaction with the previously synthesized a-oxyaldehyde 5 was
indeed improved. The results of this study are summarized in Table 3.
Table 3
Me
TBSO 0 Me OMe
OPMB
X = CH2, 20a 5CMe 2, 20b
Ni(cod)2, ligand
Et3B, EtOAc
X = CH2, 19a
CMe 2, 19b
entrya enyne ligand yield (%)b d.r.c
1 20a (+)-NMDPP 29 n.d.
2 20b (+)-NMDPP 50 1.3 : 1
3 of (-)-NMDPP 45 1.3 :1
4 if PCyp 3  38 1 :2
a 10 mol% Ni(cod)2, 20 mol% ligand, 100 mol% enyne, 100 mol% aldehyde and 200 mol% Et3B were employed
in all cases. b Combined yields of the inseparable mixture of diastereomers after chromatography. c Measured by
1H NMR analysis of the crude reaction mixture. The configuration of the 1,2-anti and 1,2-syn were not determined.
26 Mandai, T.; Matsumoto, T.; Tsujiguchi, Y.; Matsuoka, S.; Tsuji, J. J. Organomet. Chem. 1994, 473, 343-352.
27 The Sonogashira cross coupling of 24 with 1-bromo-2-methylpropene was unsuccessful.
As shown in Table 3, the change to 1,3-enynes for the reductive coupling reaction was
successful in increasing the efficiency of the coupling. However, the diastereoselectivity for
this transformation suffered severely compared to the coupling of 5 with aryl-substituted
alkyne 4. NMDPP and PCyp3 were screened as the ligands for the reactions as these have
been previously shown to be most effective.2°a Importantly, the reversal in the sense of
stereoinduction going from (+)- or (-)-NMDPP to PCyp 3 is the first such occurrence in the
reductive coupling of a-oxyaldehydes. This observation points to the possibility that the
coordination of the alkenyl substituent to the nickel center serves to displace the phosphine
binding during the stereo-determining step, which may help explain why the two antipodes of
NMDPP display similar reaction outcomes.28 However, no definitive mechanistic studies
have been conducted to further support this hypothesis. Nonetheless, the studies provided
material for further study towards the synthesis of amphidinolide H3.
G. Elaboration of the Reductive Coupling Products
With the mixture of products 19b, we proceeded to protect the dienols as their TBS-ethers
and encountered the problem of undesired elimination to yield side product 28, over the
desired transformation (Scheme 9). Gratifyingly, we found that the diastereomeric products
(26 and 27) were chromatographically separable. Although we were uncertain at this point
of the stereochemical identity of the two products, we were able to carry both compounds
forward independently en route to amphidinolide H3 .
Scheme 9
Me IMe
TBSO
TBSO' / r OH TBSOTf, 2.6-lutidine
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0 OC
19b O
Me
TBSO
TBSO
PMBO .,Me
28 0
54% yield 0..Me
M e - %--. •, . -1. -- -J. Me Me
28 This phenomenon has also been observed and studied by Mr. Ryan Moslin: (a) Moslin, R. M.; Jamison, T. F. Org. Lett.
2006, 8, 455-458. (b) Moslin, R. M.; Miller, K. M.; Jamison, T. F. Tetrahedron 2006, 62, 7598-7610.
To that end, oxidative cleavage of 26 was performed (Scheme 10). Subjecting the diene
to slight excess of ozone was effective in cleanly converting it to the enal (29). However,
upon further exposure of 29 to excess ozone, the oxidation of the PMB protecting group to
the corresponding p-methoxybenzoate ester (30b) superceded the cleavage to the ketone
(30a) (Scheme 10).
Scheme 10
MA Ma
TBSO
TBSO "' OTBS 03 (10 s)
PMBO Me CH2CI2
-78*C
26 O 0 then DMS
Me Me 75% yield
We decided to investigate whether a retro-aldol condensation of the enal might be a
flexible alternative to further ozonolysis, hoping to exploit the clean conversion to the enal
observed during the partial ozonolysis of the diene. Employing one diastereomer from the
reductive coupling (27), the corresponding enal 31 was generated smoothly as before
(Scheme 11). Enal 31 was then treated with solid potassium carbonate under conditions
identified to effect a retro-aldol reaction by liberating acetaldehyde and the ketone. 29
Unfortunately, complete decomposition of the starting material after prolonged reaction was
the only productive transformation observed from this reaction (Scheme 11).
29 Peters, R. J.; Ravn, M. M.; Coates, R. M.; Croteau, R. B. J. Am. Chem. Soc. 2001, 123, 8974-8978.
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The aforementioned attempts failed to provide a viable route to the carbon framework of
amphidinolide H3,; future approaches will focus on a disconnection that does not rely on a
Ni-catalyzed reductive coupling reaction to form the C21-C22 carbon-carbon bond. These
findings illustrate a limitation of our anti-selective Ni-catalyzed reductive coupling strategy.
Although the aryl-substituted alkynes couple with high levels of diastereoselectivity, a
significant drawback of this method is in the efficiency of coupling with hindered substrates.
On the other hand, 1,3-enynes couple quite readily with these substrates but lack the ability
to do so with adequate or predictable stereoselectivity.
Conclusion
The assembly of amphidinolide H3 was envisioned to arise from a convergent fragment
coupling, relying upon our newly developed Ni-catalyzed reductive coupling of
aryl-substituted alkynes and a-oxyaldehydes. Although the fragment coupling was
successful in providing a C15-C26 fragment of amphidinolide H3 with promising levels of
diastereoselectivity, it suffered from poor reactivity.
Attempts to circumvent this problem by changing the alkyne coupling partner to a 1,3-
enyne resulted in an improvement of the reactivity; however, this improvement was at the
cost of stereoselectivity in the transformation. Moreover, elaboration of the dienol coupling
product was impaired by the inability to successfully cleave the diene to the corresponding
ketone.
During the course of these investigations, we were able to expand our knowledge of
Ni-catalyzed reductive couplings of a-oxyaldehydes, particularly with regards to
sterically-encumbered substrates. We also discovered the divergent reactivity of 1,3-enynes
with these (x-oxyaldehydes. Future alternate assembly strategies targeting the B-type
amphidinolides will be subsequently investigated.
Experimental Section
For General Information, see Experimental Section in Ch. 1.
OH Ph
TBSOI',.•
6
(R)-l-(tert-butyldimethylsilyloxy)-5-phenylpent-4-yn-2-ol (6): (S)-Glycidol (68 mmol, 5.0
g) was taken up in dichloromethane (80 mL). To the stirring mixture was added triethylamine
(72 mmol, 10 mL), DMAP (2.7 mmol, 300 mg) and TBSC1 (74 mmol, 11.2 g). The reaction
mixture was stirred 5 h and quenched with H20 (30 mL). The biphasic mixture was then
extracted with Et20 (3 x 50 mL) and the combined organic layers were washed with brine (2
x 20 mL). The organic layers were dried over MgSO 4, filtered and concentrated in vacuo.
The crude residue was purified by vacuum distillation (50-60 oC, 0.5 mmHg) to provide the
intermediate epoxide (8.9 g, 70% yield). Aside, phenylacetylene (10.5 mmol, 1.15 mL) was
diluted with THF (48 mL), cooled to -78 'C and treated with n-butyllithium (2.5 M soln in
hexanes, 9.5 mmol, 3.8 mL) slowly. The reaction mixture was allowed to stir 0.5 h at -78 'C
and warmed to 0 oC and stirred another 0.5 h. This was re-cooled to -78 'C and a solution of
the epoxide (5 mmol, 942 mg) in THF (2 mL) was added followed by BF 3*OEt2 (10.5 mmol,
1.33 mL). The resulting reaction mixture was warmed to -42 oC over 1 h. Subsequently, it
was quenched with saturated aqueous NH4Cl solution and diluted with Et20O (50 mL) and
H20 (50 mL). The combined mixture was extracted with Et20 (3 x 20 mL), dried over
MgSO4, filtered and concentrated. Purified the crude residue by flash column
chromatography (10% EtOAc/hexane) to give the homopropargylic alcohol as a yellow oil
(1.26 g, 87% yield). Rf0.41 (25% EtOAc/hexane); 'H NMR (500 MHz, CDC13) 8 7.43-7.38
(m, 2H), 7.32-7.27 (m, 3H), 3.94-3.87 (m, 1H), 3.79 (dd, J= 6.3, 2.8 Hz, 1H); 3.71 (dd, J=
10.1, 3.0 Hz, 1H), 2.68, 2.65 (overlapping dd, J, = 13.6, 5.5 Hz, J2 = 11.3, 5.4 Hz, 2H), 2.53
(d, J= 7.2 Hz, -OH), 0.94 (s, 9H), 0.12 (s, 6H); 13C NMR (125 MHz, CDC13) 131.9, 128.5,
128.1, 123.7, 86.0, 82.8, 70.6, 65.8, 26.1, 24.3, 18.6, -5.1, -5.1; IR (film) 3411, 2931, 2871,
1613, 1514, 1491, 1351, 1302, 1249, 1174, 1036, 821, 757, 693 cm-1; HRMS ESI (m/z):
[M+Na]÷ calcd for C9H2002SiNa, 211.1125; found 211.1122. [a]D = -15.1 (c 3.6, CHC13).
OPMB Ph
7
(R)-l-((1-iodo-5-phenylpent-4-yn-2-yloxy)methyl)-4-methoxybenzene (7): To p-methoxy-
benzyl alcohol (18 mmol, 2.5 g) was added conc. HBr soln in AcOH (63% v/v soln, 5 mL).
The mixture was stirred 20 min at r.t. and quenched with saturated aqueous NaHCO3 soln
(100 mL). The mixture was diluted with H20 (100 mL) and Et20 (100 mL) and extracted the
aqueous layer with Et20O. The organic extracts were concentrated in vacuo to give the
transient benzyl bromide. In a separate flask, to a suspension of sodium hydride (60%
dispersion in oil, 15.3 mmol, 735 mg) in THF (25 mL) at 0 oC was added a solution of 6
(13.9 mmol, 4.04 g) in THF (8 mL) via cannular. Hydrogen gas evolved violently during the
addition and stirring was continued for 15 min after the cessation of gas evolution. A solution
of the crude benzyl bromide in THF (10 mL) was added to the reaction flask at 0 oC and
warmed to r.t. and stirred 12 h. The reaction was quenched with glacial acetic acid (5 mL),
diluted with EtOAc and H20 and extracted with EtOAc (3 x 50 mL). The combined organic
portions were dried over MgSO 4, filtered and concentrated. The concentrated residue was
purified by slow gradient column chromatography (2% to 5% EtOAc/hexane) to provide the
PMB-ether (4.1 g, 70% yield). This compound was taken up in a 1% HCI soln in EtOH (25
mL) at 0 'C and stirred 1 h before diluting with H20 and EtOAc. The mixture was extracted
with EtOAc, dried over Na2SO 4, filtered and concentrated. The residue was purified by flash
column chromatography (50% EtOAc/hexane), which gave the primary alcohol as a clear oil
(2.5 g, 89% yield). This alcohol (4.8 mmol, 1.4 g) was taken up in Et2O/MeCN (3:1, 25 mL)
and to the stirring solution at r.t. were added imidazole (7.2 mmol, 490 mg),
triphenylphosphine (7.2 mmol, 1.89 g) and iodine (7.2 mmol, 1.83 g) in that order. The
resulting yellow reaction mixture was stirred 2 h at r.t. and quenched with H20 (100 mL).
The biphasic mixture was extracted with Et20 (3 x 75 mL) and the combined organic
portions were washed with saturated aqueous Na2 S20 3 solution (2 x 25 mL). Dried over
MgSO 4 , filtered and concentrated. Purified by flash column chromatography (2%
EtOAc/hexanes) to give the iodide as a clear oil (1.7 g, 87% yield). Rf 0.54 (10%
EtOAc/hexane); 1H NMR (400 MHz, CDC13) 8 7.46-7.29 (m, 7H), 6.92 (d, J= 4.1 Hz, 2H),
4.63 (app. q, J= 5.6 Hz, 1H), 3.85 (s, 3H), 3.58-3.47 (m, 2H), 2.86-2.72 (m, 2H); 13C NMR
(100 MHz, CDC13) 6 159.8, 132.0, 130.1, 130.0, 128.7, 128.4, 123.7, 114.3, 85.7, 83.2, 76.1,
71.8, 55.7, 26.0, 9.7; IR (film) 2999, 2933, 2834, 1612, 1586, 1513, 1490. 1442, 1303, 1249,
1173, 1034, 822, 757, 692 cmn'; HRMS ESI (m/z): [M+Na]÷ calcd for C19H1902INa,
429.0322; found 429.0319. [a]D = -7.6 (c 10.1, CHCl 3).
OH Me Me OPMB Ph
PhjKN
Me O
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(2S,4S)-N-((1R,2R)-l-hydroxy-l-phenylpropan-2-yl)-4-(4-methoxybenzyloxy)-N,2-
dimeth yl-7-phenylhept-6-ynamide (9): To a suspension of LiCl (11.4 mmol, 844 mg) in
THF (14 mL) was added diisopropylamine (4.1 mmol, 0.98 mL). Cooled to -78 'C and
treated slowly with n-BuLi (2.5 M in hexane, 3.7 mmol, 2.6 mL). The reaction mixture was
warmed to 0 oC and stirred 0.5 h. It was then re-cooled to -78 oC for the slow addition of a
solution of 830 (3.32 mmol, 735 mg) in THF (5 mL) via a syringe pump over 30 min. The
resulting reaction mixture 1 h at -78 oC, warmed to 0 oC 30 min, and to r.t. another 5 min.
30 Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D. J.; Gleason, J. L. J. Am. Chem. Soc. 1997, 119, 6496-
6511.
The reaction was re-cooled to 0 oC and a solution of the iodide (7, 1.9 mmol, 750 mg) in THF
(2 mL) was added and the resulting mixture was stirred while warming to r.t. over 72 h. The
reaction was quenched with saturated aq. NH4Cl soln, diluted with EtOAc and H20 and
extracted with EtOAc (3 x 25 mL). The combined organic portions were dried over MgSO4,
filtered and concentrated in vacuo. The residue was purified by silica gel chromatography
(50% EtOAc/hexane) to give the amide (9) as a viscous off-color oil (920 mg, 97% yield).
The title compound was found to be a 4:1 mixture of rotamers at r.t. by 1H NMR; these
rotamers coalesce at ca. 85 TC (500 MHz, DMSO-d 6) as a 93:7 mixture of diastereomers. Rf
0.26 (50% EtOAc/hexane); 1H NMR (500 MHz, CDCl3) 8 7.44-7.21 (m, 14.4H), 6.88 (d, J=
4.0 Hz, 2H), 6.82 (d, J= 4.0 Hz, 0.4H), 4.74 (d, J= 5.2 Hz, 0.2H), 4.69 (d, J= 5.0 Hz, 1H),
4.62 (app. t, J= 2.6 Hz, 1H), 4.53 (d, J= 5.0 Hz, 0.2H), 4.48 (d, J= 5.2 Hz, 1H), 4.34 (bs, -
OH), 3.81 (s, 3H), 3.78 (s, 0.6H), 3.66-3.61 (m, 1H), 3.13-3.07 (m, 0.2H), 2.87 (s, 0.6H),
2.82 (s, 3H), 2.76 (dABq, J= 14.0, 6.4, 2.3 Hz, 0.4H), 2.61 (dABq, J= 14.0, 6.4, 2.3 Hz,
2H), 1.84-1.76 (m, 2.2H), 1.74-1.66 (m, 2.2H), 1.12 (d, J= 3.0 Hz, 3H), 1.09 (d, J= 3.1 Hz,
0.6H), 1.03 (d, J= 3.4 Hz, 3H), 0.92 (d, J= 3.5 Hz, 3H); 13C NMR (125 MHz, CDCl 3) 6
178.9, 177.5. 159.5, 159.5, 142.8, 142.1, 131.8, 130.7, 129.8, 129.7, 128.8, 128.5, 128.5,
128.5, 128.1, 127.9, 127.8, 127.4, 126.5, 124.0, 123.9, 114.1, 114.0, 87.3, 86.7, 82.7, 82.6,
76.6, 75.6, 75.5, 74.7, 71.3, 70.9, 66.1, 60.7, 57.9, 55.5, 55.5, 39.0, 38.8, 33.0, 32.3, 26.9,
25.4, 25.4, 21.3, 17.6, 16.6, 15.8, 15.5, 14.6, 14.5; IR (film) 3380, 2969, 2934, 2362, 2241,
1953, 1885, 1734, 1615, 1514, 1490, 1455, 1302, 1249, 1085, 1036, 911, 821, 758, 693 cm-1;
HRMS ESI (m/z): [M+Na]÷ calcd for C32H37NO4Na, 522.2615; found 522.2615. [a]D =
+27.4 (c 4.3, CHC13).
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(2S,4S)-4-(4-methoxybenzyloxy)-2-methyl-7-phenylhept-6-ynyl acetate (4): Diiso-
propylamine (9 mmol, 1.25 mL) was dissolved in THF (15 mL) and cooled to -78 TC. The
stirring solution was treated with n-butyl lithium (2.5 M soln in hexane, 8.35 mmol, 3.3 mL)
and the resulting mixture was warmed to 0 oC and stirred 30 min. Borane-ammonia complex
(tech 90%, 8.56 mmol, 295 mg) was added to the LDA solution and the reaction was stirred
10 min before warming to r.t. and stirring an additional 15 min. The mixture was cooled to
0 'C for the addition of a solution of the amide (9) in THF (8 mL). The resulting reaction was
stirred while warming to r.t. over 12 h. Cooled again to 0 oC for the addition of 3 M HCI soln
(5 mL) at a rate that maintained the internal temperature near 5 'C. Diluted with EtOAc (100
mL) and H20 (100 mL) and extracted with EtOAc (3 x 50 mL). The combined organic layers
were washed with saturated aq. NaHCO 3 (20 mL) and brine (2 x 20 mL) Dried over MgSO4,
filtered and concentrated. Purified by silica gel chromatography (25% EtOAc/hexane) to
furnish the primary alcohol (478 mg, 66% yield). The alcohol was dissolved in CH2C12 (3
mL) and triethylamine (3.22 mmol, 468 ýlL) and DMAP (0.28 mmol, 34 mg) were added to
the solution. Acetic anhydride (2.8 mmol, 269 [tL) was added and the resulting reaction
mixture was stirred 10 h at r.t. The solvent was removed in vacuo and the residue was
purified by flash column chromatography (20% EtOAc/hexane) to give the title compound
(4) as a clear oil (508 mg, 95% yield, 63% yield from 9). Rf 0.51 (30% EtOAc/hexane); 1H
NMR (500 MHz, CDC13) 8 7.45-7.27 (m, 7H), 6.89 (d, J = 8.1 Hz, 2H), 4.57 (ABq, J =
107.7, 10.8 Hz, 2H), 3.98-3.89 (m, 2H), 3.81 (s, 3H), 3.76-3.68 (m, 1H), 2.69 (dABq, J=
92.0, 57.5, 5.6 Hz, 2H), 2.15-2.06 (m, 1H), 2.05 (s, 3H), 1.80 (ddd, J= 23.6, 12.4, 5.1 Hz,
1H), 1.51 (ddd, J= 24.2, 12.9, 3.9 Hz, 1H), 0.91 (d, J= 6.7 Hz, 3H); 13C NMR (125 MHz,
CDC13) 8 171.5, 159.5, 131.8, 130.6, 129.8, 128.5, 128.0, 123.9, 114.1, 87.0, 82.7, 75.0, 71.4,
70.0, 55.5, 38.8, 29.4, 25.5, 21.2, 16.7; IR (film) 3033, 2958, 2936, 2910, 2837, 1737, 1612,
1586, 1572, 1514, 1491, 1465, 1443, 1390, 1365, 1302, 1248, 1174, 1155, 1110, 1088, 1036,
914, 821, 758, 693, 668 cm-1; HRMS ESI (m/z): [M+Na] ÷ calcd for C24H280 4Na, 403.1880;
found 403.1884. [a]D = -9.5 (c 12.0, CHC13).
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2E-(R)-4-(2,2-dimethyl-1,3-dioxolan-4-yl)but-2-en-l-ol (13): To (R)-tert-butyl(4-(2,2-
dimethyl-1,3-dioxolan-4-yl)but-2-ynyloxy)dimethylsilane (12) 31 (24 mmol, 6.8 g) dissolved
in THF (235 mL) and cooled to 0 oC, was slowly added TBAF (1 M soln in THF, 36 mmol,
36 mL). Stirred at the same temperature for 1 h. Quenched with H20, diluted with EtOAc
and brine. Extracted the organic layer with EtOAc. Dried over Na2SO 4, filtered and
concentrated. The crude residue (3.0 g) was taken up in anhydrous THF (20 mL) and added
slowly to a suspension of LiAlH4 (18 mmol, 670 mg) in THF (165 mL) at 0 oC. This mixture
was allowed to gradually warm to r.t. and stirred 10 h. Re-cooled to 0 oC and slowly
quenched with H20 (0.7 mL), 15% aqueous NaOH soln (0.7 mL) and again with H20 (1.4
mL).32 The cloudy mixture was stirred until white precipitates formed. Filtered through a
Buchner funnel eluting with Et20. Dried over MgSO 4, filtered and concentrated. Purified by
silica gel chromatography (25% EtOAc/hexane) to provide the allylic alcohol (13) compound
(3.07 g, 72% yield from 12). Rf 0.42 (50% EtOAc/hexane); 1H NMR (500 MHz, CDCl3) 8
5.79-5.65 (m, 2H), 4.16 (dd, J= 8.3, 3.0 Hz, 1H), 4.12 (dd, J= 3.0, 1.2 Hz, 1H), 4.03 (dd, J=
3.0, 2.6 Hz, 1H), 3.58 (dd, J= 3.0, 2.5 Hz, 1H), 2.46-2.37 (m, 1H), 2.33-2.26 (m, 1H), 1.60
(bs, 1H), 1.42 (s, 3H), 1.36 (s, 3H); 13C NMR (125 MHz, CDC13) 8 132.4, 127.7, 75.5, 69.1,
63.7, 36.8, 27.1, 25.8; IR (film) 3416, 2987, 2935, 2874, 1671, 1456, 1427, 1371, 1216,
1157, 1062, 1006, 973, 850, 792 cmn1; HRMS ESI (m/z): [M+Na]÷ calcd for C9H160 3Na,
195.0992; found 195.0993. [a]D = -10.0 (c 2.6, CHC13).
31 Kotsuki, H.; Kadota, I.; Ochi, M. Tetrahedron Lett. 1990, 31, 4609-4612.
32 Fieser, L.F.; Fieser, M. Reagents for Organic Synthesis; Wiley: New York, 1967; pp 583-584.
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{(2S,3S)-3-[((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl]oxiran-2-yl}methanol (14): To
Ti(Oi-Pr)4 (8 mmol, 2.4 mL) and pre-activated 4A powdered molecular sieves (855 mg) in
CH2C12 (60 mL) at -30 'C was added L-(+)-diethyl tartrate (8.8 mmol, 1.5 mL). Stirred 0.5 h
and added tert-butyl hydroperoxide (5.5 M in decane, 17.6 mmol, 3.2 mL). Stirred the
resulting mixture another 0.5 h and subsequently warmed to -20 oC. A solution of the allylic
alcohol (13) (8 mmol, 1.38 g) in CH 2C12 (10 mL) was introduced slowly over 10 min. The
reaction mixture was then allowed to stir 2.5 h at -20 oC and quenched by adding a pre-
cooled (0 oC) mixture of FeSO4 (50 g) and D,L-tartaric acid (16 g) in water (160 mL), which
were initially warmed to aid dissolution. Stirred 5 min at -20 oC and warmed to r.t. another 5
min. The phases were partitioned and the aqueous layer was extracted with Et20 (3 x 50 mL).
The combined organic layers was cooled to 0 oC and treated with 30% NaOH in brine
solution (35 mL) and stirred 1 h. Diluted with H20 and extracted with EtOAc (5 x 50 mL).
Dried over Na2SO 4, filtered and concentrated in vacuo. Purified by flash column
chromatography (50% EtOAc/hexane) to furnish the epoxy alcohol (14) as a colorless oil
(1.39 g, 92% yield, >95:5 d.r.). Rf0.4 (60% EtOAc/hexane); 1H NMR (500 MHz, CHC13) 8
4.24 (quint., J= 6 Hz, 1H), 4.09 (dd, J= 8, 6 Hz, 1H), 3.95 (ddd, J= 12.5, 5, 2.5 Hz, 1H),
3.70-3.63 (m, 2H), 3.12 (dt, J= 6, 2 Hz, 1H), 3.04-3.01 (m, 1H), 1.91 (app. t, J= 5.5 Hz,
2H), 1.65 (dd, J= 7, 5.5 Hz, 1H), 1.44 (s, 3H), 1.37 (s, 3H); 13 C NMR (125 MHz, CDCl3) 6
73.6, 69.5, 62.2, 58.5, 58.4, 53.3, 35.6, 27.5, 26.3, 17.6; IR (film) 3423, 2986, 1372, 1216,
1160, 1057, 961, 633 cm-1; HRMS ESI (m/z): [M+Na]÷ calcd for C9H1604Na, 211.0941;
found 211.0949. [a]D = -12.5 (c 1.6, CHC13).
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(2R,3R)-4-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-methylbutane-1,2-diol (15): The epoxy
alcohol (14) (3.85 mmol, 725 mg) was dissolved in CH2Cl2/hexane (2:1, 22 mL) and cooled
to 0 oC. Treated slowly with trimethylaluminum (2.0 M in hexane, 12.7 mmol, 6.4 mL) and
the resulting reaction mixture was allowed to warm gradually to r.t. over 16 h. Re-cooled to 0
'C and diluted with Et20 (75 mL) and quenched with H20 (750 [tL). Warmed to r.t. and
stirred until a white slurry formed. Added 4 M NaOH (750 [tL) and H20 (1.5 mL) and stirred
until a white solid precipitate developed (ca. 3 h). Dried with MgSO4, filtered and
concentrated in vacuo. Purified by flash column chromatography (100% EtOAc). Gave the
diol as a colorless oil (480 mg, 61% yield). Rf 0.2 streak (EtOAc); 1H NMR (500 MHz,
CDC13) 8 4.24-4.37 (m, 1H), 4.09 (app. t, J= 5.5 Hz, 1H), 3.81-3.63 (m, 2H), 3.56-3.42 (m,
2H), 2.21-2.06 (m, 1H), 1.84-1.71 (m, 2H), 1.43 (s, 3H), 1.38 (s, 3H), 0.95 (d, J= 4.4 Hz,
3H); 13C NMR (125 MHz, CDC13) 8 76.9, 75.8, 70.7, 65.5, 39.0, 35.3, 27.6, 26.6, 17.9; IR
(film) 3413, 2935, 1370, 1216, 1062, 883 cm'-; HRMS ESI (m/z): [M+Na]÷ calcd for
CloH2004Na, 227.1254; found 227.1258. [a]D = -15.0 (c 2.0, CHCl 3).
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(2R,3R)-4-((R)-292-dimethyl-1,3-dioxolan-4-yl)-2-(4-methoxybenzyloxy)-3-methylbutan-
1-ol (16): To the diol (15) (0.98 mmol, 200 mg) in CH2CI2 (3 mL) was added freshly distilled
1-(dimethoxymethyl)-4-methoxybenzene (1.47 mmol, 256 RL) and PPTS (0.05 mmol, 12
mg). The reaction was stirred 14 h at r.t. Quenched with triethylamine (450 ýtL) and all
volatiles were removed in vacuo. The crude residue was taken up in CH 2C12 (75 mL) and
cooled to -78 'C. Diisobutylaluminum hydride (1.0 M in CH 2C12, 2.9 mmol, 2.9 mL) was
added portion-wise over 20 min. The resulting reaction mixture was stirred 2 h at -78 oC and
quenched cold with MeOH (6 mL). The reaction flask was subsequently allowed to warm to
r.t. The mixture was diluted with Et20O (100 mL) and saturated Rochelle's salt soln (100 mL)
and stirred vigorously until visible emulsion disappeared. The phases were separated and the
aqueous layer was extracted with EtOAc (3 x 50 mL). Dried over Na2 SO4, filtered and
concentrated. Purified by flash column chromatography (50% EtOAc/hexane) to give the
primary alcohol (16) as a colorless oil (216 mg, 68% from 15). Rf0.35 (60% EtOAc/hexane).
1H NMR (500 MHz, CDC13) 6 7.28 (d, J= 8 Hz, 2H), 6.89 (d, J= 8.5 Hz, 2H), 4.53 (ABq, J
= 38, 11.3 Hz, 2H), 4.20-4.13 (m, 1H), 4.04 (app. t, J= 6.1 Hz, 1H), 3.81 (s, 3H), 3.72-3.58
(m, 2H), 3.49 (app. t, J= 7.6 Hz, 1H), 3.41-3.36 (m, 1H), 2.15-2.03 (m, 1H), 1.81-1.74 (m,
1H), 1.41 (s, 3H), 1.35 (s, 3H), 1.30 (ddd, J= 13.7, 9.5, 4 Hz, 1H), 0.97 (d, J= 7 Hz, 3H);
13 C NMR (125 MHz, CDCl3) 8 159.5, 130.7, 129.7, 114.1, 83.5, 74.6, 72.0, 70.1, 61.7, 55.5,
36.8, 31.3, 27.3, 26.0, 15.7; IR (film) 3462, 2936, 1613, 1586, 1514, 1463, 1370, 1302, 1248,
1174, 1061, 823 cm'1; HRMS ESI (m/z): [M+Na]+ calcd for C1 8H2805Na, 347.1829;
347.1827. [aC]D = -14.3 (c 2.8, CHC13).
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(2 R,3R)-4-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2-(4-methoxybenzyloxy)-3-methylbutan-
al (5): The alcohol 16 (0.32 mmol, 104 mg) was dissolved in CH 2C12 (10 mL) and at r.t.,
12-I-5 (17) 33 (0.34 mmol, 143 mg) was added all at once. The reaction mixture was stirred 1
h before being concentrated in vacuo. The recovered crude residue was purified by flash
33 (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155-4156. (b) Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991,
113, 7277-7287. (c) Ireland, R. E.; Liu, L. J. Org. Chem. 1993, 58, 2899.
column chromatography (20% EtOAc/hexanes) to give the aldehyde (5) as a colorless oil (88
mg, 85% yield). Rf 0.33 (30% EtOAc/hexane). 'H NMR (400 MHz, CDCl3) 8 9.67 (d, J= 0.7
Hz, 1H), 7.25 (d, J= 11.2 Hz, 2H), 6.93 (d, J= 11.2 Hz, 2H), 4.57 (Abq, J= 71.7, 12.2 Hz,
2H), 4.18-4.09 (m, 1H), 4.02 (dd, J= 8.9, 7.1 Hz, 1H), 3.83 (s, 3H), 3.60 (dd, J= 6.7, 2.7 Hz,
1H), 3.52 (app. t, J= 7.6 Hz, 1H), 2.32-2.18 (m, 1H), 1.74 (ddd, J= 24.6, 12.3, 4.9 Hz, 1H),
1.42 (ddd, J= 24.6, 12.3, 4.9 Hz, 1H), 1.40 (s, 3H), 1.37 (s, 3H), 1.04 (d, J= 6.2 Hz, 3H);
13C NMR (100 MHz, CDC13) 8 204.6, 159.9, 130.1, 129.8, 114.3, 109.3, 87.4, 77.7, 74.0,
72.9, 70.2, 55.7, 36.1, 32.2, 27.5, 26.2, 16.1; IR (film) 2984, 2937, 2875, 1731, 1613, 1586,
1515, 1462, 1379, 1370, 1303, 1249, 1174, 1065, 1035, 823 cm-; HRMS ESI (m/z):
[M+Na]÷ calcd for C18H20OsNa, 345.1672; found 345.1685. [a]D = +24.1 (c = 7.6, CHC13).
6E-(2S,4S,7S,8R,9R)-6-benzylidene-10-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-7-hydroxy-
4,8-bis(4-methoxybenzyloxy)-2,9-dimethyldecyl acetate (3): A 5 mL side-arm Schlenk
flask was charged with Ni(cod) 2 (0.024 mmol, 7 mg) and tributylphosphine (0.048 mmol, 12
ptL) in a glove box and subsequently placed under an argon atmosphere. Ethyl acetate (100
tiL) and triethylborane (0.48 mmol, 70 [tL,) were added, and the solution was cooled and
stirred 10 min at r.t. To the stirring solution was added the aldehyde (5) (0.24 mmol, 78 mg)
as a solution in EtOAc (100 ttL) followed by the alkyne (4) (0.24 mmol, 91 mg) also as a
solution in EtOAc (100 [tL). The combined mixture was stirred 20 h at r.t. The solution was
subsequently quenched by the addition of 3 M NaOH (1 mL) and 30% H20 2 (3 drops). The
resulting mixture was extracted with ether, dried over MgSO 4, filtered through a plug of
silica, and concentrated in vacuo. The residue was then purified by flash column
chromatography (20% EtOAc/hexane) to provide the allylic alcohol as a clear oil (17 mg,
10%). Rf 0.26 (30% EtOAc/hexane). 1H NMR (500 MHz, CDC13) 8 7.33-7.12 (m, 9H), 6.85
(d, J= 9.0 Hz, 2H), 6.81 (d, J= 9.0 Hz, 2H), 6.64 (s, 1H), 4.49 (ABq, J= 55.0, 12.0 Hz, 2H),
4.33 (ABq, J= 37.5, 11.5 Hz, 2H), 4.23-4.16 (m, 2H), 4.06-4.00 (m, 2H), 3.81 (s, 3H), 3.78
(s, 3H), 3.69-3.56 (m, 2H), 3.51 (app. t, J= 7.5 Hz, 1H), 3.44-3.37 (m, 1H), 3.32 (dd, J= 7.5,
3.5 Hz, 1H), 2.60 (dd, J = 15.8, 3.2 Hz, 1H), 2.49 (dd, J= 15.8, 10.5 Hz, 1H), 2.26-2.15 (m,
1H), 2.03 (s, 3H), 1.95 (ddd, J= 28.4, 12.6, 3.7 Hz, 1H), 1.72-1.55 (m, 2H), 1.46 (ddd, J=
28.4, 11.6, 4.2 Hz, 1H), 1.39 (s, 3H), 1.35 (s, 3H), 1.22-1.14 (m, 1H), 1.08 (d, J= 6.8 Hz,
3H), 0.80 (d, J= 5.3 Hz, 3H); 13C NMR (125 MHz, CDC13) 8 171.3, 159.6, 159.3, 139.8,
137.8, 131.1, 130.2, 130.1, 129.8, 129.7, 128.7, 128.6, 127.0, 114.1, 113.8, 108.7, 85.3, 76.9,
75.0, 74.1, 71.6, 70.3, 69.0, 55.5, 55.5, 38.4, 35.3, 33.1, 31.5, 29.5, 27.3, 26.1, 21.2, 17.8,
17.7; IR (film) 3413, 2958, 2935, 2875, 2837, 1737, 1613, 1586, 1514, 1494, 1464, 1444,
1369, 1302, 1174, 1064, 1036, 919, 822, 753, 702 cm-; HRMS ESI (m/z): [M+Na] ÷ calcd
for C42H5609Na, 727.3817; found 727.3809. [a]D = +13.2 (c = 3.5, CHC13).
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(4R)-bis(4,6-(tert-butyldimethylsiloxy))-l-(trimethylsilyl)-l-hexyne (23): Trimethylsilyl-
acetylene (10.3 mmol, 1.5 mL) was dissolved in THF (16 mL) and cooled to -78 'C. Treated
with n-BuLi (2.5 M in hexane, 9.3 mmol, 3.7 mL). The resulting solution was warmed to 0
"C and stirred 30 min. Re-cooled to -78 "C and added (S)-1,2-epoxy-4-butanol tert-
butyldimethylsilyl ether34 (4.9 mmol, 1.0 g) neat followed by BF 3*OEt2 (10.3 mmol, 1.3 mL).
The reaction mixture was warmed to -42 oC and stirred 1 h. Quenched cold with MeOH (2
mL), diluted with Et20 (20 mL) and H20 (15 mL) and allowed to warm gradually to r.t.
Extracted with Et20O (2 x 20 mL), dried over MgSO4, filtered and concentrated. Purified by
silica gel chromatography (10% EtOAc/hexane) to give a secondary alcohol (1.3 g, 88%
34 White, J. D.; Kawasaki, M. J. Org. Chem. 1992, 57, 5292-5300.
yield). This compound was subsequently dissolved in CH2C12 (40 mL) and treated with 2,6-
lutidine (13 mmol, 1.5 mL) and cooled to 0 oC. Added TBSOTf (6.5 mmol, 1.5 mL) and
stirred 30 min at the same temperature. Quenched with H20 (50 mL) and partitioned the
phases. The aqueous layer was extracted with CH 2C12 (2 x 50 mL) and the combined organic
portions was washed successively with saturated aq. NH4C1 soln (20 mL), saturated aq.
NaHCO 3 soln (20 mL) and brine (20 mL). Dried over MgSO4, filtered and concentrated. The
crude residue was purified by flash column chromatography (2% EtOAc/hexane) to provide
the title compound (23) as a clear oil (1.79 g, 99% yield). Rf 0.63 (10% EtOAc/hexane); 'H
NMR (500 MHz, CDCl3) 6 3.97 (quint, J= 5.5 Hz, 1H), 3.70 (t, J= 6.4 Hz, 2H), 2.39 (d, J=
6 Hz, 2H), 1.89-1.82 (m, 1H), 1.71-1.64 (m, 1H), 0.91 (s, 9H), 0.90 (s, 9H), 0.15 (s, 9H),
0.10 (s, 3H), 0.09 (s, 3H), 0.07 (s, 3H), 0.06 (s, 3H); 13C NMR (125 MHz, CDCl3) 6 105.2,
86.8, 68.8, 60.2, 40.6, 32.3, 29.9, 26.7, 26.6, 23.4, 19.0, 18.8, 14.5, 0.8, -3.7, -4.1, -4.5, -
4.6; IR (film) 2958, 2930, 2177, 1473, 1257, 1097, 1024, 838, 775 cm -'; HRMS ESI (m/z):
[M+Na]+ calcd for C21H4602Si3Na, 437.2698; found 437.2685. [a]D= +5.6 (c 12.3, CHC13).
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(4R)-bis(4,6-(tert-butyldimethylsiloxy))-1-hexyne (24): The silyl acetylene (23) (3.38
mmol, 1.4 g) was dissolved in MeOH/H 20 (7:1, 40 mL) and to the solution at r.t. was added
potassium carbonate (34 mmol, 4.7 g). The reaction mixture was stirred 1 h and filtered
through a short pad (ca. 2 cm) of silica gel and concentrated in vacuo. The product was not
purified further as it was found to be sufficiently pure by 1H NMR. Gave 24 as a colorless oil
(1.01 g, 83% yield). 'H NMR (500 MHz, CDCl3) 8 4.03-3.95 (m, 1H), 3.72-3.67 (m, 2H),
2.36 (dd, J = 26, 9.5 Hz, 2H), 1.97 (t, J= 10.1 Hz, 1H), 1.89-1.82 (m, 1H), 1.75-1.67 (m,
1H), 0.90 (s, 18H), 0.09 (s, 3H), 0.07 (s, 3H), 0.05 (s, 3H), 0.05 (s, 3H); 13C NMR (125 MHz,
CDCl 3) 8 129.0, 82.3, 70.7, 68.5, 66.6, 60.2, 40.3, 28.3, 26.6, 26.5, 19.0, 18.8, 16.0, -3.8, -
4.1, -4.6, -4.6; IR (film) 3316, 2956, 2930, 2858, 1473, 1256, 1097, 837, 775 cm 1; HRMS
ESI (mlz): [M+Na] ÷ calcd for C18H380 2Si 2Na, 365.2303; found 365.2314. [a]D = +12.1 (c
7.6, CHC13).
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(6R)-bis(6,8-(tert-butyldimethylsiloxy))oct-1-en-3-yne (20a): The acetylene (24) (1.28
mmol, 440 mg) was diluted with diisopropylamine (3.5 mL) and to the stirring solution was
added Pd(PPh3)4 (64 [tmol, 76 mg) and CuI (0.13 mmol, 23 mg). The reaction flask was
cooled to -78 'C and vinyl bromide (excess, ca. 1 mL) was condensed into the reaction
mixture through a gas adapter outfitted with a Luer-lock syringe. The brown mixture was
allowed to gradually warm to r.t. over 12 h. Concentrated in vacuo and purified by flash
column chromatography (100% hexane) to provide the enyne (20a) as a colorless oil (382
mg, 81% yield). Rf 0.6 (100% hexane); 1H NMR (500 MHz, CDC13) 8 5.81-5.72 (m, 1H),
5.55 (d, J= 7.2 Hz, 1H), 5.38 (d, J= 4.4 Hz), 4.00-3.93 (m, 1H), 3.74-3.65 (m, 2H), 2.46 (d,
J= 2.2 Hz, 2H), 1.89-1.80 (m, 1H), 1.73-1.65 (m, 1H), 0.90 (s, 18H), 0.09 (s, 3H), 0.07 (s,
3H), 0.05 (s, 6H); 13C NMR (125 MHz, CDC13) 8 126.4, 118.3, 88.9, 81.6, 68.9, 60.3, 40.7,
29.3, 26.6, 26.5, 19.0, 18.8, -3.8, -4.1, -4.6, -4.6; IR (film) 2956, 2930, 2858, 1610, 1473,
1388, 1361, 1256, 1097, 1036, 1006, 915, 836, 775 cm-i; HRMS ESI (mlz): [M+Na]÷ calcd
for C20H4002Si2Na, 391.2459; found 391.2456. [a]D = +2.6 (c 10.1, CHC13).
OH
TBSO Me
TBSO" Me
25
(3S,7R)-7,9-bis(tert-butyldimethylsilyloxy)-2-methylnon-4-yn-3-ol and (3R,7R)-7,9-
bis(tert-butyldimethylsilyloxy)-2-methylnon-4-yn-3-ol (25): The acetylene (24) (0.96
mmol, 330 mg) was dissolved in THF (6 mL) and cooled to -78 oC. Treated with n-BuLi (2.5
M in hexane, 1.06 mmol, 0.42 mL) and allowed to warm to 0 oC and stirred 30 min. Added
freshly distilled isobutyraldehyde (2.88 mmol, 260 pL) and allowed to stir 20 min at 0 oC
before quenching with saturated aq. NH4C1 soln (1 mL). Diluted with H20 (10 mL) and Et 20
(10 mL). The phases were separated and the aqueous layer was extracted with Et20 (3 x 5
mL). Dried with MgSO 4, filtered and concentrated. Purified by silica gel chromatography
(10% EtOAc/hexane) to give the 1:1 mixture of secondary alcohols as a colorless oil (362
mg, 91% yield). Rf0.36 (10% EtOAc/hexane); 1H NMR (500 MHz, CDC13) 6 4.17 (d, J= 5.5
Hz, 2H), 3.98-3.92 (m, 2H), 3.70 (t, J= 8.6 Hz, 4H), 2.40 (d, J= 5.6 Hz, 4H), 1.89-1.82 (m,
2H), 1.73-1.66 (m, 2H), 1.01 (s, 3H), 1.00 (s, 3H), 1.00 (s, 3H), 0.98 (s, 3H), 0.90 (s, 18H),
0.90 (s, 18H), 0.09 (s, 6H), 0.08 (s, 6H), 0.06 (s, 12H); 13C NMR (125 MHz, CDC13) 8 83.8,
82.3, 68.9, 68.6, 60.2, 40.4, 35.3, 28.6, 26.6, 26.5, 19.0, 18.8, 18.8, 18.2, -3.8, -4.1, -4.6; IR
(film) 3409, 2957, 2923, 2858, 1472, 1361, 1256, 1096, 1032, 836, 775 cm-1; HRMS ESI
(m/z): [M+Na] + calcd for C22H4603Si2Na, 437.2878; found 437.2888.
TBSO
.,,OTBS
(5S,8R,E)-8-(tert-butyldimethylsilyloxy)-5-((1R,2R)-3-((R)-2,2-dimethy1,3R)-2,2-dimethyl--dioxolan-4-
yl)-l-(4-methoxybenzyloxy)-2-methylpropyl)-2,2,3,3,12,12,13,13-octamethyl-6-(3-methyl
but-2-enylidene)-4,11-dioxa-3,12-disilatetradecane (26): Ni(cod)2 (0.05 mmol, 13 mg) and
(+)-NMDPP (0.095 mmol, 30 mg) were placed in a 10 mL round-bottom flask in a glovebox.
The mixture was set under a nitrogen atmosphere and outside the glovebox, triethylborane
(0.95 mmol, 140 [tL) was added and the mixture was further diluted with EtOAc (100 [LL).
Cooled the catalyst system to 0 oC and stirred 5 min at which point, the aldehyde (5) (0.47
mmol, 151 mg) dissolved in EtOAc (200 RL) was added followed by the alkyne (20b) (0.48
mmol, 191 mg) in EtOAc (200 pL). The reaction mixture was gradually allowed to warm to
r.t. with stirring over a 20 h period. Allowed to air-oxidize and purified by gradient silica gel
chromatography (5% to 10% EtOAc/hexane) to obtain a mixture of inseparable
diastereomeric products (170 mg, 50% combined yield) determined to be 57:43 by 'H NMR.
These alcohols (19b) (0.24 mmol, 170 mg) were dissolved in anhydrous CH2Cl 2 (2.5 mL)
and cooled to 0 oC. Treated with 2,6-lutidine (0.72 mmol, 80 [tL) and stirred 5 min. This was
followed by dropwise addition of TBSOTf (0.36 mmol, 80 [tL) and then the solution was
gradually allowed to warm to r.t. over 1 h. Quenched with H20 (5 mL) and extracted with
CH2C12 (2 x 5 mL). Dried over MgSO 4, filtered and concentrated. Purified by silica gel
chromatography (5% EtOAc/hexane) to isolate the diastereomeric products (26) (24 mg, 12%
yield) and (27) (18 mg, 9% yield), in addition to the elimination by-product (28) (108 mg,
54% yield). 1H NMR (500 MHz, CDCl3) of compound 26 8 7.23 (d, J= 6.8 Hz, 2H), 6.85 (d,
J= 7 Hz, 2H'), 6.57 (d, J= 13 Hz, 1H), 6.04 (d, J= 13 Hz, 1H), 4.44 (ABq, J= 54, 11 Hz,
2H), 4.26 (d, J= 1.6 Hz, 1H), 4.17-4.10 (m, 1H), 4.02-3.94 (m, 2H), 3.81 (s, 3H), 3.70-3.59
(m, 2H), 3.44 (app t, J= 7.6 Hz, 1H), 3.18 (dt, J= 7.3, 1.6 Hz, 1H), 2.60 (dd, J= 13, 2.6 Hz,
1H), 2.16-2.09 (m, 1H), 2.04-1.93 (m, 2H), 1.82 (s, 3H), 1.79-1.68 (m, 1H), 1.76 (s, 3H),
1.49-1.43 (m, 1H), 1.42-1.34 (m, 2H), 1.37 (s, 3H), 1.32 (s, 3H), 0.95 (d, J= 7.3 Hz, 3H),
0.93 (s, 9H), 0.90 (s, 9H), 0.85 (s, 9H), 0.11 (s, 6H), 0.09 (s, 6H), 0.08 (s, 6H), 0.03 (s, 6H),
0.01 (s, 6H), 0.00 (s, 6H); HRMS ESI (m/z): [M+Na]÷ calcd for C 46H 8607Si 3Na, 857.5574;
found 857.5577.
)OH(
TBS(
29 OO "Me
Me
(4S,5R,6R,E)-3-((R)-2,4-bis(tert-butyldimethylsilyloxy)butyl)-4-(tert-butyldimethylsilyl
oxy)-7-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-5-(4-methoxybenzyloxy)-6-methylhept-2-
enal (29): The diene (26) (0.01 mmol, 8 mg) was dissolved in CH 2C12/MeOH (15:1, 0.5 mL)
and cooled to -78 oC while purging the solution with 02. After 5 min, ozone was bubbled
through the solution for a 10 sec period (ca. 0.1 mmol of 03 was delivered at a rate of 0.7
mmol min-'). The reaction was immediately re-purged with 02 and quenched with DMS
(0.25 mmol, 11 ýtL). Stirred while gradually warming to r.t. over 2 h. Concentrated in vacuo
and purified by silica gel chromatography (5% EtOAc/hexane) to provide the a,j3-
unsaturated aldehyde (29) as a colorless oil (5.2 mg, 65% yield). 1H NMR (500 MHz,
CDC13) 8 10.06 (d, J= 8.2 Hz, 1H), 7.25 (d, J= 8.3 Hz, 2H), 6.87 (d, J= 8.7 Hz, 2H), 6.33
(d, J= 8 Hz, 1H), 4.58 (ABq, J= 116, 11.2 Hz, 2H), 4.15-4.03 (m, 1H), 4.02-3.98 (m, 1H),
3.82 (s, 3H), 3.73-3.64 (m, 2H), 3.45 (app t, J= 7.2 Hz, 1H), 2.91 (dABq, J= 56.8, 13, 7.7
Hz, 2H), 1.96-1.82 (m, 2H), 1.73-1.64 (m, 2H), 1.38 (s, 3H), 1.31 (s, 3H), 1.28-1.21 (m, 1H),
0.95-0.86 (m, 30H), 0.11-0.02 (m, 18H); HRMS ESI (m/z): [M+Na]÷ calcd for
C43HSoO 8Si3Na, 831.5053; found 831.5041.
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Chapter 3
Diastereoselective Ni-Catalyzed Reductive Coupling of 1,3-Enynes and
Aldehydes: Application Towards Amphidinolides G and H
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Introduction
The class of natural products collectively termed the "B-Type" amphidinolides (Fig. 1)
has attracted significant attention from the synthetic community as a result of their ornate
architecture, potent biological activity, and low abundance from natural sources.1
HO Me OH 0
Me 16 21 .. OHI V 16  21
22 .%Me
HO2
Me,,. 25 Me11 Me
O
amphidinolide B1  amphidinolide G1 (C6-C7 A) amphidinolide H1 (C6-C7 A)
G3 (C6-C7 dihydro) H4 (C6-C7 dihydro)
Figure 1. Representative B-Type Amphidinolides
Some of the salient features that were cited for their remarkable biological activity include an
aot,P,'-trihydroxy ketone, a labile vinyl epoxide and an E-trisubstituted 1,3-diene
(highlighted in Fig. 1), all set within a 26- or 27-membered macrocyclic lactone ring.
Notably, the two B-type amphidinolides lacking the vinyl epoxide (G3 and H4) display
markedly diminished cytotoxicity against tumor cell lines. 2  The B-type amphidinolides
present great potential for the development of novel methodologies to address their
construction. Even though numerous strategies toward fragment syntheses have been
described,Id these compounds have remained insurmountable targets for total synthesis.
The approaches directed toward the synthesis of the B-type amphidinolides have mainly
focused on the 1,3-diene functional group unit. This group poses a significant challenge to
install, and conventional strategies involving a metal-mediated sp2-sp 2 cross-coupling
reaction to form the C13-C14 bond were ineffective for its assembly.3  This behavior was
SFor reviews of the amphidinolides, see: (a) Kobayashi, J.; Tsuda, M. Nat. Prod. Rep. 2004, 21, 77-93. (b) Chakraborty, T.
K.; Das, S. Curr. Med. Chem.: Anti-Cancer Agents 2001, 1, 131-149. (c) Kobayashi, J.; Ishibashi, M. In Comprehensive
Natural Products Chemistry. Mori, K., Ed.; Elsevier: New York, 1999; Vol. 8, pp 619-649. For a current website pertinent
to amphidinolide literature, see: (d) http://www2.onu.edu/-b-myers/amp/amphidinolides.html.
2 Kobayashi, J.; Shimbo, K.; Sato, M.; Tsuda, M. J. Org. Chem. 2002, 67, 6585-6592.
3 Cid, B.; Pattenden, G. Tetrahedron Lett. 2000, 41, 7373-7378.
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attributed to the steric interaction between the metal environment and the substituents at C16.
Nevertheless, recent advancements in metal-catalyzed cross-coupling reactions and
specifically the development of monoligated palladium complexes suggest that these types of
sterically encumbered couplings might yet be feasible. 4'5 In fact, one isolated report has
recently appeared that describes the ability to access the 1,3-diene moiety of amphidinolide
B1 via a Suzuki coupling. 6 Nonetheless, numerous alternate strategies have been developed to
circumvent the difficulty associated with constructing this functional group. All of these
approaches have focused on multi-step operations to address issues of regioselectivity as well
as the geometry about the C14-C15 double bond.7 We reasoned that a concise solution to the
problem of installing the E-trisubstituted 1,3-diene would offer a direct and general entry into
the synthesis of all the members of the B-type amphidinolides (fourteen in total).
Our laboratory recently developed Ni-catalyzed reductive coupling reactions of
1,3-enynes with aldehydes and epoxides that generate dienyl alcohols with good efficiency
(Scheme 1).8,9
Scheme 1
aldehyde (n=O)
R3  R or R3
R2  epoxide (n=1) uR4R2  Et3B R2 R
R1
Ni(cod)2/PR 3 (cat.) R' R OH
R = aryl, alkyl (10, 2* or 30)90:10 seletivityz 90:10 regioselectivityR1, R2, R3 = H, alkyl
4 For reviews of metal-catalyzed cross-coupling reactions, see: (a) Metal-Catalyzed Cross-Coupling Reactions; Diederich,
F., Stang, P. J., Eds.; Wiley-VCH: New York, 1998. (b) Cross-Coupling Reactions: A Practical Guide; Miyaura, N., Ed.;
Topics in Current Chemistry Series 219; Springer-Verlag: New York, 2002. (c) Handbook of Organopalladium Chemistry
for Organic Synthesis; Negishi, E.-i., Ed.; Wiley-Interscience: New York, 2002.
5 Christmann, U.; Vilar, R. Angew. Chem., Int. Ed. 2005, 44, 366-374 and references therein.
'' Gopalarathnam, A.; Nelson, S. G. Org. Lett. 2006, 8, 7-10.
7 For selected examples, see: (a) Chakraborty, T. K.; Suresh, V. R. Tetrahedron Lett. 1998, 39, 9109-9112. (b) Eng, H. M.;
Myles, D. C. Tetrahedron Lett. 1999, 40, 2279-2282. (c) Mandal, A. K.; Schneekloth, J. S.; Crews, C. M. Org. Lett. 2005,
7, 3645-3648. (d) Zhang, W.; Carter, R. G. Org. Lett. 2005, 7, 4209-4212. See ref. Id for a more comprehensive list.
8 (a) Miller, K. M.; Luanphaisarnnont, T.; Molinaro, C.; Jamison, T. F. J. Am. Chem. Soc. 2004, 126, 4130-4131. (b) Miller,
K. M.; Colby, E. A.; Woodin, K. S.; Jamison, T. F. Adv. Synth. Catal. 2005, 347, 1533-1536.
9 Other examples of catalytic reductive coupling of 1,3-enynes and aldehydes: (a) (Ni) Mahandru, G. M.; Liu, G.;
Montgomery, J. J. Am. Chem. Soc. 2004, 126, 3698-3699. (b) (Rh) Jang, H.-Y.; Huddleston, R. R.; Krische, M. J. J. Am.
Chem. Soc. 2004, 126, 4664-4668.
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More importantly, the reaction provides one-step access to a variety of highly substituted,
geometrically defined 1,3-dienes of the same arrangement found in the B-type
amphidinolides. Furthermore, this application serves as a suitable scenario to showcase the
utility of the Ni-catalyzed reductive coupling of 1,3-enynes and varied electrophiles for
complex natural product synthesis.10 Our attempt at achieving this goal was by targeting the
1,3-diene subunits of amphidinolides G and H (Fig. 1).11
Synthetic Strategy Towards Amphidinolides G and H
Our unified strategy for the total syntheses of amphidinolides G, (1), G3 (2), H, (3) and H4
(4) involves the convergent Ni-catalyzed reductive coupling of 1,3-enyne 8 and ketoaldehyde
9 to generate dienol 6 (Fig. 2). Subsequent SN2 displacement of the activated C16 hydroxyl
group by a methyl nucleophile would provide the 1,3-diene-containing intermediate 5, which
can in turn be parlayed into the various natural products.
Figure 2. Retrosynthetic Analysis of Amphidinolides G and H
amphidinolide G1 (1) (C6-C7 A)
G3 (2) (C6-C7 dihydro)
Me
14
Me,,. 11  
8
-k,• TBS
8
amphidinolide H1 (3) (C6-C7 A)
H4 (4) (C6-C7 dihydro)
O OTBS O diastereoselective
..,OTBS Ni-catalyzed reductiveH 18 coupling of 1,3-enyne
TBS 23 Me and aldehyde
9 Me
1o Ni-catalyzed reductive coupling of 1,3-enynes and ketones: Miller, K. M.; Jamison, T. F. Org. Lett. 2005, 7, 3077-3080.
1' Isolations of amphidinolides G1 and HI: (a) Kobayashi, J.; Shigemori, H.; Ishibashi, M.; Yamasu, T.; Hirota, H.; Sasaki,
T. J. Org. Chem. 1991, 56, 5221-5224. Isolations of amphidinolides G3 and H4 : (b) Kobayashi, J.; Shimbo, K.; Sato, M.;
Tsuda, M. J. Org. Chem. 2002, 67, 6585-6592.
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X =OH, 6
X = OMs, 7
=._ I
One critical requirement for this sequence of events remains; since the configuration of the
C16 stereogenic center would be inverted during the SN2 displacement, the Ni-catalyzed
reductive coupling would have to proceed with a high degree of 1,3-syn selectivity (relative
to the ketoaldehyde (9)) in order to achieve the appropriate stereochemical pattern in the
natural products. Although predictive models for 1,2-induction of additions to a-substituted
aldehydes are well documented, 12  the corresponding stereochemical analyses of
1,3-induction are not as prevalent. 12a,13 We anticipated that using a chiral ligand for nickel
would be necessary to influence the stereoselectivity during the fragment coupling step.8b
This overall strategy required the preparation of 1,3-enyne 8 and ketoaldehyde 9; considering
their relative complexity, we decided to first address the synthesis of 8.
Results and Discussion
Synthesis of the 1,3-Enyne Fragment
A. The Arndt-Eistert Approach
The synthesis of the 1,3-enyne (8) began by constructing the trans allylic ether region. As
such, commercially available 2-butyne-1,4-diol (10) was protected as the mono TBS-ether
and reduced to the trans allylic alcohol (11) using Red-Al® (Scheme 2).14 Conversion to the
corresponding iodide (12) furnished a suitable alkylating agent for the installation of the C11
stereogenic center.
Scheme 2
1) TBSCI, imidazole
HO DMF HOOTBS 12, PPh 3, imidazole 8 , OTBSOH 2) Red-Al , Et20 Et20/MeCN (3:1)10 11 12
ooC
56% yield, 2 steps
88% yield
12 Reviews: (a) Mengel, A.; Reiser, O. Chem. Rev. 1999, 99, 1191-1223. (b) Reetz, M. T. Acc. Chem. Res. 1993, 26, 462-
468. (c) Reetz, M. T. Angew. Chem., Int. Ed. Engl. 1984, 23, 556-569. (d) Eliel, E. L. In Asymmetric Synthesis; Morrison,
J. D., Ed.; Academic Press: New York, 1983; Vol. 2, Part A, pp 125-155.
13 Nucleophilic additions under chelate- and non-chelate-controlled 1,3-asymmetric induction have been reported: (a) Reetz,
M. T.; Jung, A. J. Am. Chem. Soc. 1983, 105, 4833-4835; (b) Evans, D. A.; Duffy, J. L.; Dart, M. J. Tetrahedron Lett.
1994, 35, 8537-8540.
14 Trost, B. M.; Corte, J. R.; Gudicksen, M. S. Angew. Chem., Int. Ed. 1999, 38, 3662-3664.
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Asymmetric alkylation of the Evans N-acyl oxazolidinone auxiliary (13) 15 with allylic iodide
12 proceeded with excellent selectivity and hydrolysis of the auxiliary then provided the acid
(14) (Scheme 3). Comparing this intermediate to the target 1,3-enyne (8), a homologation of
the acid was required in order to install a methylene group adjacent to the newly generated
chiral center.
Scheme 3
00 0 0 OH
O 0 1) LHMDS, THF;
o K Me 12, 0 C---r.t. Me,,. OH homologation Me,,.O N -------------
2) LiOH, H202  OTBS OTBS
i-Pr
93% yield, 2 steps 14
13 >95% ee
We initially investigated the Arndt-Eistert synthesis as a way of achieving this objective. 16
However, attempts to effect the homologation following literature procedure - generation of
the Wolff rearrangement precursor either via an acid chloride or a mixed anhydride and
subsequent treatment with diazomethane solution - failed to give the one-carbon
homologated acid.
B. Kowalski Rearrangement and Ynone Investigations
Due to this deficiency, we turned to the Kowalski protocol as an alternative homologation
technique. 17 The corresponding methyl ester (15) was prepared by treatment of 14 with
diazomethane (Scheme 4). The three step Kowalski sequence gave the desired homologated
ester, but with unexpected concomitant deprotection of the primary TBS-ether due to the
harsh acidic conditions required for the work-up. This protective group was effectively re-
attached in an additional step to provide the ester (16). Although this sequence was not high
yielding and rather lengthy (23% over four steps), it was satisfactory to have installed the
15 Original report: (a) Evans, D. A.; Ennis, M. D.; Mathre, D. J. J. Am. Chem. Soc. 1982, 104, 1737-1739. For an excellent
review, see: (b) Ager, D. J.; Prakash, I.; Schaad, D. R. Aldrichim. Acta 1997, 30, 3-12.
16 Reviews: (a) Podlech, J. In Enantioselective Synthesis of #-Amino Acids; Juaristi, E.; Soloshonok, V. A., Eds.; Wiley:
Hoboken, N. J., 2005; 2nd ed.; pp 93-106. (b) Kirmse, W. Eur. J. Org. Chem. 2002, 14, 2193-2256. (c) Matthews, J. L.;
Braun, C.; Guibourdenche, C.; Overhand, M.; Seebach, D. In Enantioselective Synthesis of /-Amino Acids; Juaristi, E.,
Ed.; Wiley-VCH: New York, 1997; pp 105-126.
17 Kowalski, C. J.; Reddy, R. E. J. Org. Chem. 1992, 57, 7194-7208.
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correct oxidation states about the C11 chiral center, a goal that had previously proved
elusive.
Scheme 4
O0
Me". 1 OH
4, OTBS
14
CH2N2
Acetone
99% yield
O 1) Br2CH2, LiTMP -78 OC
Me,,. OMe 2) LHMDS, THF
OTBS 3) n-BuLi; AcCI, EtOH
-78 C -C0 OC
15 4) TBSCI, imidazole, DMF
23% yield, 4 steps
OEt
Me,,.
OTBS
16
At this juncture we decided to continue the synthesis by generating a Weinreb amide,
anticipating that the addition of a propynyl Grignard reagent would deliver an ynone,
allowing for a methylenation reaction and culmination of the synthesis of the 1,3-enyne (8).
Therefore, the homologated ester (16) was converted to the Weinreb amide 17, and
subsequently transformed into the ynone (18) (Scheme 5). Unfortunately ynone 18 was
highly unstable, and, when subjected to the Tebbe reagent (19),18 a multitude of products
were formed in the reaction, none of which was identifiable as the desired 1,3-enyne (8).
Scheme 5
O OEt
Me,,.TB
S
16OTBS
16
OMe
MeO(Me)NH-HCI 0 N
AIMe 3  e Me -- MgBr
CH2CI 2  Me,.CH2C, OTBS Et20
98% yield 86% yield
17
Cp2Ti *AIMe 2
ci 19
- w decomposition
-40 OC-0 OC
18 (unstable)
This inauspicious finding, coupled with the instability of the ynone (18) (which prevented
any necessary handling or manipulation of this material), prompted us to explore an alternate
route to the 1,3-enyne that would obviate these problems.
18 (a) Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. Soc. 1978, 100, 3611-3613. (b) Pine, S. H.; Zahler, R.;
Evans, D. A.; Grubbs, R. H. J. Am. Chem. Soc. 1980, 102, 3270-3272.
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C. Successful Synthesis of the 1,3-Enyne from the Methyl Ketone
The route that was ultimately successful in delivering 1,3-enyne (8) is delineated in
Scheme 6. Preparation of the methyl ketone (20) from the previous Weinreb amide (17)
proceeded in good yield and, following the formation of the kinetic enol triflate, 19
Sonogashira cross-coupling 20 with propyne yielded the long sought after 1,3-enyne (8) in
reasonable yield over the two steps (Scheme 6).
Scheme 6
OMe Me
N.Me 0 Me 1) LDA, PhNTf2 ,
e MeMgBr HMPA, THFMe,,. "" M ---- Me,.. O Me,Et2O 2) Pd(PPh 3)4, Cul,
OTBS 69% yield OTBS i-Pr2NH, propyne OTBS
17 20 67% yield, 2 steps 8
D. Improved Synthesis of the Methyl Ketone
Having established a viable route to the 1,3-enyne (8), we investigated a more suitable
route that would eliminate the four steps required for the Kowalski homologation (Scheme
4). It was found that by simply making use of the Evans asymmetric alkylation with the
previously described allylic iodide (12) and reductively cleaving the auxiliary, the primary
alcohol 21 could be obtained in adequate yield (Scheme 7). This compound was iodinated
and reacted with lithiated dithiane 22 to give compound 23. It is noteworthy that
hexamethylphosphoramide (HMPA) was necessary for this substitution reaction and that
reactions conducted in the absence of this co-solvent were unsuccessful. Subsequent
deprotection of the dithiane (23) with a hypervalent iodine species21 provided a considerably
improved route to the methyl ketone 17, a total of five steps from the allylic iodide (12)
versus nine steps via the Kowalski method.
19 Vyvyan, J. R.; Looper, R. E. Tetrahedron Lett. 2000, 41, 1151-1154.
20 (a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467-4470. (b) Sonogashira, K. In Metal-
Catalyzed Cross-Coupling Reactions; Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinheim, 1998; Ch. 5.
21 (a) Stork, G.; Zhao, K. Tetrahedron Lett. 1989, 30, 287-290. (b) Nicolaou, K. C.; Li, Y.; Sugita, K.; Monenschein, H.;
Guntupalli, P.; Mitchell, H. J.; Fylaktakidou, K. C.; Vourloumis, D.; Giannakakou, P.; O'Brate, A. J. Am. Chem. Soc.
2003, 125, 15443-15454.
140
o 0
O ~.N t
Me
;i-Pr
13
1) LHMDS, THF;
12, 0 OC -r.t.
2) LiAIH4, Et20
87% yield, 2 steps
>95% ee
OH
Me,,. 1) 12, PPh 3, imidazole
OTBS 2) S Ui22
21 --S Me
HMPA
54% yield, 2 steps
Me,,
0 Me
SMe,,.
,•,,,OTBS
20
Phl(O2CCF3 )2
pH 7 buffer
90% yield
E. Third Generation Synthesis of the 1,3-Enyne 22
Although the revised route to the 1,3-enyne (8) was satisfactory, we sought to avoid the
extensive use of hexamethylphosphoramide (HMPA) because of its known toxicity and
probable carcinogenicity. 23 The first recognition on the way to a further refined route to 8
was made that the allylic iodide (12) could be prepared far more efficiently by the ring
opening of 2,5-dihydrofuran (24) in the presence of TBSI, which is putatively formed in the
mixing of TBSC1 and Nal (Scheme 8).24
Scheme 8
0
24
Nal, TBSCI . - OTBS
DMAP
12
47% yield
>9:1 E:Z
This one-step protocol not only minimized the number of operations required to arrive at the
allylic iodide (12), but, since 24 is used as the solvent, this reaction can be carried out on
multi-gram scale to generate 12 with greater cost efficiency. The Evans asymmetric
22 Mr. Andrew M. Lauer assisted with this stage of the work by carrying out the experiments described in Schemes 8 and 9.
23 Anonymous IARC Monogr. Eval. Carcinog. Risk Hum. 1999, 71, 1465-1481.
24 Sun, M.; Deng, Y.; Batyreva, E.; Sha, W.; Salomon, R. G. J. Org. Chem. 2002, 67, 3575-3584.
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Scheme 7
23
alkylation can be performed and the auxiliary cleaved using LiA1H 4 to furnish the primary
alcohol (21) as previously described (Scheme 7). However, a more direct course to the
methyl ketone (20) was realized by metal-halogen exchange of the iodide derived from 21,
followed by addition to the Weinreb amide (25) (Scheme 9). This transformation
successfully shortened the synthesis of 20 by one step in comparison to the previous route.
The final optimization was completed by a judicious replacement of PhNTf 2 with the
Comins' reagent (26),25 which allowed for more complete conversion to the vinyl triflate and
consequently higher yields for the two-step sequence to the 1,3-enyne (8). Notably, we were
able to avoid the use of HMPA entirely in this revised synthesis of 8.
Scheme 9
1) LHMDS, THF;
OH Me CI NTf
HMe, 1) 12, PPh 3, imidazole Me, •- N 26Me,,. __ Me,, N 26 Me,,
,~. OTBS 2) t-BuLi, Et20; OTBS 2) Pd(PPh3), Cul
Sroe i Dr IW
21 IL AM 20
Me' N'. 85% yield, 2 steps
Me 25
57% yield, 2 steps
F. Summary of the Synthesis of the 1,3-Enyne Fragment
The synthesis of the enyne fragment (8) was accomplished in only seven steps in the
longest linear sequence, with an overall yield of 41%. Notable aspects of this approach
include the conversion of commercially available 2,5-dihydrofuran (24) directly into trans
allylic iodide 12. In addition, an auxiliary-mediated asymmetric alkylation, followed by
functional group conversion and a subsequent homologation provided access to the key
methyl ketone (20). This compound can then be converted to 1,3-enyne 8 in two steps by the
formation of a vinyl triflate generated from the ketone using the Comins' reagent (26),
followed by a Sonogashira coupling with propyne. The overall process is very scalable, and
has been used to generate over 0.5 g of 8 at once.
25 Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1992, 33, 6299-6302.
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Synthesis of the Ketoaldehyde Fragment
The synthetic plan for tackling the challenges posed by the ketoaldehyde fragment (9) is
outlined in Fig. 3. The disconnection entailed a convergent Horner-Wadsworth-Emmons
(HWE)26 fragment coupling between advanced intermediates, namely ketophosphonate 29
and aldehyde 30, to generate the E-a,p3-unsaturated ketone (28). This compound was
anticipated to subsequently undergo stereoselective dihydroxylation to install the C21-C22
syn-diol pattern in 27.27,28 The two chiral substrates for the HWE can be imagined to
originate from asymmetric synthesis or from compounds derived from the chiral pool.
Significantly, the overall strategy addresses the installation of all five stereogenic centers in 9
with good control of relative and absolute stereochemistry.
Figure 3. Synthetic Strategy to the Ketoaldehyde Fragment
O OTBSO
H ., OTBS
TBSO" -'Me
9 0O
Me
.. AD
TBSO O
TBSO O O
BnOAýPj-OMe+ OMe
29
M1e
26 Reviews: (a) Wadsworth, W. S., Jr. Org. React. 1977, 25, 73-253. (b) Kelly, S. E. In Comprehensive Organic Synthesis;
Trost, B. M.; Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol. 1, pp 729-817. (c) Walker, B. J. In Organophosphorus
Reagents in Organic Synthesis; Cadogan, J. I. G., Ed.; Academic Press: New York, 1979; pp 155-205.
27 Review of the Sharpless Asymmetric Dihydroxylation (AD): Johnson, R. A.; Sharpless, K. B. In Catalytic Asymmetric
Synthesis; Ojima, I., Ed.; Wiley-VCH: New York, 2000; 2 nd ed.; pp 357-398.
28 This strategy has been previously used in the synthesis of fragments corresponding to amphidinolide BI: (a) Lee, D.-H.;
Rho, M.-D. Tetrahedron Lett. 2000, 41, 2573-2576. (b) Eng, H. M.; Myles, D. C. Tetrahedron Lett. 1999, 40, 2279-2282.
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A. Approach to the Ketophosphonate Segment
For the synthesis of the ketophosphonate fragment (29), we envisioned installing the
P-hydroxy ketone moiety by making use of novel methodology designed in our laboratory.
Specifically, it was found that the Ni-catalyzed reductive coupling of alkynes and
mono-substituted epoxides led to homoallylic alcohols in good to excellent regioselectivity,
both with respect to the alkyne (in cases of aryl-substituted alkynes) as well as the epoxide
(C-C bond formation on the least substituted carbon). 29 Moreover, when enantiomerically
enriched epoxides are utilized, complete retention of stereochemistry is observed; oxidative
cleavage of the resulting homoallylic alcohol provides access to a variety of enantiomerically
enriched 3-hydroxy ketones. This attribute makes this chemistry function as an efficient
two-step surrogate for the asymmetric acetate aldol reaction. Therefore, implementation of
this strategy required the formation of the enantiomerically enriched epoxide ((S)-32) by the
three step sequence: benzyl protection of 3-buten-l-ol (31); epoxidation to generate the
racemic epoxide ((1)-32); and Jacobsen hydrolytic kinetic resolution (HKR) to resolve the
racemic epoxide to enantiomeric purity (Scheme 10).30  The efficiency of this kinetic
resolution is demonstrated by the high yielding recovery of the enantiomerically enriched
epoxide ((S)-32) (44% out of a theoretical maximum of 50% yield).
Scheme 10
1) NaH, BnBr, TBAI
THF 0 [(S,S)-salen]CoOAc ,,O
2) m-CPBA. CH2CI2  BnO H20  BnO
31 (±)-32 (S)-32
96% yield, 2 steps 44% yield
>96% ee
29 (a) Molinaro, C.; Jamison, T. F. J. Am. Chem. Soc. 2003, 125, 8076-8077. For an application in total synthesis, see: (b)
Colby, E. A.; O'Brien, K. C.; Jamison, T. F. J. Am. Chem. Soc. 2004, 126, 998-999.
30 (a) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936-938. (b) Schaus, S. E.; Brandes, B.
D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2002,
124, 1307-1315.
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The straightforward synthesis of the alkyne coupling partner is described in Scheme 11. It
involved the conversion of 3-phenyl-2-propyn-l-ol (33) into the corresponding propargyl
bromide and subsequently to the alkynylphosphonate (34) under Arbuzov conditions.3 1
Scheme 11
Ph
33
1) CBr4, PPh3, CH2C12
2) P(OMe) 3, A
85% yield, 2 steps
Ph 0
••0Me
OMe34
B. Conditions for the Nickel-Catalyzed Alkyne-Epoxide Coupling
With both substrates (S)-32 and 34 in hand, we decided to explore the use of the
previously described Ni-catalyzed reaction to unite them. At the onset of this study, it was
not clear what role the highly Lewis basic functional group on the alkyne would play in the
reductive coupling reaction. For one, we were concerned that this group would retard the
reaction by participating in non-reversible binding to the metal center, thereby shutting down
its catalytic activity. As such, it was pleasing to find that under standard conditions,29a the
reductive coupling reaction proceeded to provide the desired homoallylic alcohol (35) (Table
1, entry 1).
Table 1
Ph 0
+ *,,, P(OMe) 2
34
Ni(cod)2
phosphine
Et3B
r.t.
H Ph
BnO P(OMe)2
35
entrya NI : phosphine : Et3Bb phosphine solvent [conc.] yield (%)c
1 10:20: 200 PBu3  none 36
2 " Ph2 PMe " 29
3 " PBu3  EtOAc [0.8 M] 36
4 20:40:400 " " 40
5d ". i if 67
a Unless otherwise noted, 200 mol% of 32 and 100 mol% of 34 were added at once to the catalyst mixture containing
40 mol% of Et3B and the remainder Et3B was added dropwise over 4 h b mol% of the individual components c Isolated
yield after chromatography d Alkyne 34 was added as a solution in EtOAc dropwise over 4 h.
31 An excellent review on the Arbuzov reaction: Bhattacharya, A. K.; Thayagarajan, G. Chem. Rev. 1981, 81, 415-430.
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(S)-32
Ph2PMe had been previously shown to be a competent substitute for PBu 3 in the Ni-catalyzed
1,3-enyne-epoxide coupling.32 However, use of this ligand in this context did not improve
upon the existing conditions (entry 2). On the other hand, it was found that diluting the
substrates with minimal ethyl acetate did not affect the yield of the transformation (entry 3).
This result was particularly positive because it made the transfer of the substrates into the
reaction flask less complicated. Doubling the catalyst loading while adding excess Et3B via
syringe pump did little to increase the yield; in fact, lower turnover was observed (entry 4).
However, maintaining this catalyst loading and slow addition of the alkyne as a solution in
ethyl acetate proved to be the optimum conditions for the reductive coupling at present (entry
5). A rationale for the increase in yield under the latter condition may be that the slow
addition serves to suppress any self-reactions that can occur with the alkyne in the presence
of the catalyst.
From this point, the progression to the ketophosphonate (29) coupling partner involved
the protection of the secondary alcohol (35) as the TBS ether (Scheme 12). Ozonolysis of
the trisubstituted alkene of 36 followed by a reductive work-up then delivered the completed
fragment poised for the key HWE coupling.
Scheme 12
OH Ph TBSO Ph
_OI II TBSCI, imidazole TN i 03, CH2CI2, MeOH 29BnO'^ ý P We)2 DMF BnO, ! , P(OMe)2 - 29BnOP(OMe) 2  DMF BnO then DMS, -78 *C-r.t.
35 3670% yield 87% yield
C. Aldehyde Synthesis and Horner-Wadsworth-Emmons Coupling
The aldehyde fragment for the HWE reaction was derived from the highly
diastereoselective alkylation of the Myers psuedoephedrine chiral auxiliary (39)33 with the
iodide (38), which was in turn obtained in two steps from (R)-2,2-dimethyl-1,3-dioxolane-4-
methanol (37) (Scheme 13). The asymmetric alkylation was found to be particularly sluggish
and required three days to reach completion, but otherwise worked very efficiently.
32 Simpson, G. L.; Jamison, T. F. Unpublished results.
33 Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D. J.; Gleason, J. L. J. Am. Chem. Soc. 1997, 119, 6496-
6511.
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Reduction of the resultant amide (40) with lithium amidotrihydridoborate provided an
intermediate alcohol that was directly subjected to the Swern oxidation conditions34 to
generate the desired aldehyde (30).
Scheme 13
1) TsCI, NEt3, DMAP
2) Nal, acetone
1770% i l -2
Me
O38
Me
38
yI 70 UI iJ
Me 0
Ph ,N. Me-  LDA, LiCI
OH Me
39 95% yield>95:5 d.r.
O
H .Me
25
30 4Me
Me
Me 0
23
OH Me Me O-M e40 Me
40 Me
1) Li(NH 2)BH3 , THF
2) O
2)clcl, DMSO, NEt3
o CH2CI2
58% yield, 2 steps
The Horner-Wadsworth-Emmons (HWE) condensation of the ketophosphonate (29) and
the aldehyde (30) was accomplished under the Roush-Masamune conditions to provide the
E-a,3-unsaturated ketone (28) (Scheme 14). 35 This fragment coupling reaction was highly
selective to provide the desired ketone in 95:5 E:Z ratio.
Scheme 14
TBSO O O
BnO*'O~e +OMe
29
0
H ."Me
30 O
MMe
TBSO
LiCI, i-Pr2NEt
MeCN
le 89% yield
>95:5 E:Z
(95:5 prior to purification)
34 (a) Tidwell, T. T. Org. React. 1990, 39, 297-572. (b) Tidwell, T. T. Synthesis 1990, 857-870. (c) Haines, A. H. Methods
for the Oxidation of Organic Compounds; Academic: New York, 1988. (d) Mancuso, A. J.; Swern, D. Synthesis 1981,
165-185. (e) Moffatt, J. G. In Oxidation; Augustine, R. L., Trecker, D. J., Eds.; Dekker: New York, 1971; Vol. 2, Ch. 1,
pp 1-64.
35 Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.; Masamune, S.; Roush, W. R.; Sakai, T.; Tetrahedron Lett.
1984, 25, 2183-2186.
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With this transformation complete, we successfully assembled the entire carbon framework
of the ketoaldehyde fragment (9). Completion of the synthesis required the installation of the
two remaining stereogenic centers in the form of the syn-1,2-diol at the C21-C22 position. A
number of protecting group manipulations and functional group interconversions were
envisioned to furnish the target ketoaldehyde (9).
D. Completion of the Synthesis of the Ketoaldehyde Fragment
Continuation of the synthesis involved conversion of the a,3-unsaturated ketone (28) to
the corresponding syn-diol by making use of the Sharpless Asymmetric Dihydroxylation
(AD) (Scheme 15).27 ,36 A high degree of diastereoselectivity was observed for this process,
and the diol (27) was obtained as a single stereoisomer.
Scheme 15
I DOW
BnO _ 8 " e AD-mix-a, MeSO2NH2
NaHC03
28 t-BuOH:H20 (1:1)
0Me 50 CSMeMe 83% yield
O OTBSO
1) TBSOTf, 2,6-lutidine 
.,OTBS
2) H2, Pd(OH)2/C H9 ye, •S .Me
3) Dess-Martin TBSO"
92% yield, 3 steps 9
7YMeMe
>95:5 d.r.
Subsequent bis-protection of the diol, hydrogenolysis of the primary benzyl ether and Dess-
Martin oxidation37 of the resulting alcohol finalized the synthesis of the complicated
right-hand fragment for the Ni-catalyzed 1,3-enyne-aldehyde coupling.
In short, the synthesis of the ketoaldehyde fragment (9) was accomplished in a total of
eleven steps in the longest linear sequence from 3-buten-l-ol (31) with a 12% overall yield.
The synthesis featured a novel Ni-catalyzed alkyne-epoxide coupling displaying a
remarkable tolerance for a highly Lewis basic functional group. A convergent HWE
fragment coupling was used to access the carbon framework of the ketoaldehyde and
subsequent Sharpless asymmetric dihydroxylation was employed for installing the remaining
36 Jacobsen, E. N.; Marko, I.; Mungall, W. S.; Schroeder, G.; Sharpless, K. B. J. Am. Chem. Soc. 1988, 110, 1968-1970.
37 (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155-4156. (b) Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991,
113, 7277-7287. (c) Ireland, R. E.; Liu, L. J. Org. Chem. 1993, 58, 2899-2899.
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stereogenic centers. The described route to 9 was deemed sufficient as it allowed for access
to this relatively complex compound in short order.
Investigation of the Ni-Catalyzed 1,3-Enyne-Ketoaldehyde Fragment Coupling
The initial condition surveyed for the reductive coupling between the 1,3-enyne (8) and
the ketoaldehyde (7) used (+)-NMDPP (41) as a ligand for nickel (Scheme 16). This choice
was made because these reaction parameters were previously identified to be highly
successful for the coupling of structurally related compounds during an earlier study
performed on model compounds. However, despite attempts using these conditions and also
applying several minor modifications, we observed no conversion of the coupling partners
when 41 was employed as a ligand. Instead, the unreacted 1,3-enyne (8) and the
ketoaldehyde (9) were each recovered in >90% yield.
Scheme 16
Me
Me,,. +
S•,- OTBS
8
Ni(cod)2, 41 d 41 0% conversion
Et3 B
EtOAc
This stall prompted the investigation of alternative reaction conditions for carrying out the
reductive coupling. Another catalyst class that was found to be effective for the coupling of
1,3-enynes and aldehydes utilized tricyclopentylphosphine (P(Cyp)3, (42)). 8" Gratifyingly,
when employing this catalyst system for the reductive coupling reaction of 1,3-enyne 8 and
ketoaldehyde 9, we found that it was successful in delivering the long anticipated dienol (6)
in 54% yield with excellent E:Z selectivity stemming from exclusive cis addition across the
alkyne (Scheme 17). It is worthy to note that this method serves as a very concise approach
for installing the 1,3-diene moiety of amphidinolides G and H.
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Scheme 17
0 OTBS O
Me H ,%OTBS
Me,,. TBSO"
Me,, OTBS TBO
9 O Me8 Me
Ni(cod) 2, 42
Et3B
EtOAc
54% yield
9:1 d.r.
PCyp3 (42)
Unexpectedly, we also observed very good (9:1 d.r.) diastereoselectivity during the course
of the reaction, although initially the sense of the asymmetric induction was unknown. Since
an achiral ligand was utilized for the reaction, one or both of the coupling partners had to be
responsible for the high level of selectivity observed. We had reason to believe that the
selectivity was not strictly due to a bias presented by the remote stereogenic center on the
1,3-enyne (8) evident by the fact that no stereoselectivity was observed in the coupling of 8
with the achiral n-butanal (43) (Scheme 18). Our working hypothesis is that either one or
more of the stereogenic centers on the ketoaldehyde (9) was responsible for inducing the high
degree of stereoselectivity observed during the reaction.
Scheme 18
Me
Me,,.
~,- OTBS
0
+ HI` Me
43
Determination of the Relative Configuration
At this point, it was imperative to determine the configuration of the newly generated
center at C16 of alcohol 6. We relied on Mosher ester analysis to determine the carbinol
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Ni(cod)2, 42
Et3B
EtOAc
60% yield
1:1 d.r.
stereoconfiguration.3 8 Thus, we prepared the two diastereomers (45a and b) of Mosher esters
derived from the dienol 6. From the observed upfield shift of the vinyl proton on ester 45a
derived from the R acid chloride (S acid) - and conversely, the downfield shift of the vinyl
proton of ester 45b derived from the S acid chloride - we were able to confirm that the C16
carbinol was of the S configuration (Fig. 3).
Figure 3
66.03 66.14H H
(ISQ)IJCF3  vS. R \, CFMe M MeRvs.R 'OMeM R PPh
45a 45b
This discovery was not only serendipitous, but also extremely gratifying, because the
transformation following the fragment coupling in our synthetic plan was the conversion of
the hydroxyl substituent at the C16 position of 6 into a methyl group (cf. Fig. 2). We
planned to do so by the means of an SN2 inversion of the corresponding activated ester by a
methyl nucleophile. If this were the case, the S configuration of the carbinol was required in
order to obtain the correct C16 methyl configuration present in the natural products.
Therefore, we were very pleased to find that the inherent selectivity39 of the fragment
coupling heavily favored the desired product.
Forays Into the Installation of the C16 Methyl Substituent
A. Higher Order Organocuprate (Lipshutz Cuprate)
The first effort directed at the installation of a methyl group at the C16 position utilized a
.higher-order organocuprate to effect the displacement (Scheme 19).4 0 Formation of the
corresponding mesylate under standard conditions followed by treatment with the
organocuprate derived from mixing two equivalents of methyllithium with copper cyanide
38 (a) Dale, J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 2543-2549. (b) Dale, J. A.; Mosher, H. S. J. Am. Chem.
Soc. 1969, 90, 3732-3738. For a recent review, see: (c) Seco, J. M.; Quifioi, E.; Riguera, R. Chem. Rev. 2004, 104, 17-
117.
39 Masamune, S.; Choy, W.; Peterson, J. S.; Sita, L. R. Angew. Chem., Int. Ed. 1985, 24, 1-30.
40 For reviews on organocopper chemistry, see: (a) Lipshutz, B. H. Adv. Met.-Org. Chem. 1995, 4, 1-64. (b) Lipshutz, B. H.;
Sengupta, S. Org. React. 1992, 41, 135-631.
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was executed with hopes of effecting the desired SN2 substitution. Unfortunately, this led to
exclusive elimination to produce a 1,3,5-triene (46) of undefined geometry.41
Scheme 19
1) MsCI, NEt 3, Et20O
2) Me2Cu(CN)Li2Me,,
Due to the complexity exhibited by the structure of 6 and to the limited quantities that we
were able to generate, we decided to focus on less complicated analogs in order to
completely study conditions that would most efficiently allow for the desired transformation.
B. Methyl Installation on Simpler Systems 42
The model substrates selected to carry out the study on SN2 displacement of dienols are
depicted in Chart 1. These substitute compounds (44 and 47) were selected because of their
structural similarity to 6, and also for the ease by which they can be accessed synthetically.43
Chart 1
OH
Me Me
Me,,.
44
41 The structure of 46 was assigned based on 'H NMR (500 MHz), but was otherwise not rigorously determined.
42 This study was conducted in tandem with Mr. Andrew M. Lauer. Results reported herein are those of the author.
43 The dienols 44 and 47 were synthesized analogously using conditions described in Scheme 18, from the corresponding
1,3-enyne and n-butanal (43).
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A few examples from an exhaustive screen carried out with these dienols in order to
identify an ideal condition for regioselective methyl installation are shown in Table 2.
Table 2
Condition B
------ a
ester
lienol Condition A
44 MsCI, NEt3, CH2C12
-78 0C- -20 0 C
Tf20, 2,6-Lut, THF
-780C
Ac20, DMAP, NEt3, CH2CI2
00C, lh
0
c1I"
, s P h, DMAP, NEt3
CH2CI2, 0 C
47 Ac20, DMAP, NEt3, CH2C12OOC, 1 h
Ac20, DMAP, NEt3 , CH2C12000C, 1 h
MsCI, NEt3, THF
0 C, 5 min
44 MsCI, NEt3, Et2000C, 30 min
Me
Me R
SN2
Condition B
Me2Cu(CN)Li2, Et20
0 0 C -r.t.
Me2Cu(CN)Li 2, Et20O
-78 OC -r.t.
Me2Cu(CN)Li2, Et20O
OoC--r.t.
Me2Cu(CN)Li2, Et2OOOC- r.t.
Me2Cu(CN)Li2, Et20
0OC
cat. CuCN, MeMgBr, LiCI
OoC
cat. CuCN, MeMgBr, LiCI
-78 0 C-r.t.
Me2Cu(CN)Li2, Et20/Hexanes (2:1)OOC- r.t.
-or- side products (2)
results
multiple products
dienol
dienol + elimination
decomposition
dienol
dienol
elimination
trace SN2
Indicated in Table 2, we surveyed a number of hydroxyl activators such as mesyl chloride,
triflic anhydride and acetic anhydride. A thioether-containing activating group (entry 4) was
also evaluated as this has been previously shown to favor nucleophilic displacement over
other processes due to anchimeric assistance by the tethered thioether.44 We mainly focused
on displacements involving Me2Cu(CN)Li 2 in these studies, although conditions using
catalytic CuCN together with Grignard reagents and LiCl as an additive for the SN2 reactions
of allylic acetates were also attempted (entries 6 and 7).45 Peculiarly, in certain cases where
44 Hannesian, S.; Cooke, N. G.; DeHoff, B.; Sakito, Y. J. Am. Chem. Soc. 1990, 112, 5276-5290.
45 (a) Ainai, T.; Ito, M.; Kobayashi, Y. Tetrahedron Lett. 2003, 44, 3983-3986. (b) Kobayashi, Y.; Nakata, K.; Ainai, T.
Org. Lett. 2005, 7, 183-186.
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OH
Me Condition AR -
dienol
entry
1
d
we presumably formed the activated ester, hydrolysis was more facile than nucleophilic
displacement, giving the original dienol back after the two-step sequence (entries 2, 3, 5 and
6). The most promising result obtained from these studies was using a solvent composition
of hexanes and diethyl ether, which was sufficient in providing the desired SN2 product,
albeit in a small amount as detectable by 1H NMR (entry 8). Moreover, the reaction was not
very clean and also led to the formation of other inseparable side products.
C. Discovery of a Regioselective Trimethylindium Method46
Compared to the higher order organocuprate nucleophilic displacements, the development
of analogous transformations using organoindium reagents is still in its infancy.47' 48 We were
prompted to try this class of reagents based on some promising examples that were reported
by Hirashita and coworkers on the highly regioselective displacement of allylic halides (and
other leaving groups) modulated by the solvent composition.48i This report was also the
impetus for experiments that utilized the solvent composition in the previous section (Table
2, entry 8); conditions that finally afforded traces of the desired SN2 product. Upon trying
the reagent generated from InCl3 and MeLi (as well as 13C-labelled MeLi) with the mesylate
derived from dienol 44 in a equivolume solvent mixture of Et20 and hexanes, we obtained
very favorable results suggesting that the desired SN2 product was formed preferentially over
the previously observed side products (Scheme 20). Further evidence that the desired
transformation took place was obtained by the deprotection of the allylic TBS-ether, which
provided the allylic alcohol (49) as confirmed by 'H NMR, IR spectroscopy and HRMS
(Scheme 20).
.46 Mr. Andrew M. Lauer performed the work described in this section.
47 (a) Pdrez, I.; Pdrez Sestelo J.; Sarandeses, L. A. Org. Lett. 1999, 1, 1267-1269. (b) Gelman, D.; Schumann, D.; Blum, J.
Tetrahedron Lett. 2000, 41, 7555-7558. (c) Fujiwara, N.; Yamamoto, Y. J. Org. Chem. 1999, 64, 4095-4101. (d)
Hirashita, T.; Yamamura, H.; Kawai, M.; Araki, S. Chem. Commun. 2001, 387-388. (e) P6rez, I.; Pdrez Sestelo J.;
Sarandeses, L. A. J. Am. Chem. Soc. 2001, 123, 4155-4160. (f) Takami, K.; Yorimitsu, H.; Shinokubo, H.; Matsubara, S.;
Oshima, K. Org. Lett. 2001, 3, 1997-1999. (g) Wallner, O. A.; Szab6, K. Org. Lett. 2003, 5, 2405-2408. (h) Takami, K.;
Mikami, S.; Yorimitsu, H.; Shinokubo, H.; Oshima, K. J. Org. Chem. 2003, 68, 6627-6631. (i) Hirashita, T.; Hayashi, Y.;
Mitsui, K.; Araki, S. Tetrahedron Lett. 2004, 45, 3225-3228.
48 Reviews on the: use of indium in organic synthesis: (a) Cintas, P. Synlett 1995, 1087-1096. (b) Li, C.-J.; Chan, T.-H.
Tetrahedron 1999, 55, 11149-11176. (c) Araki, S.; Hirashita, T. In Main Group Metals in Organic Synthesis; Yamaomto,
H., Ed.; Wiley-VCH: Weinheim, 2004.; pp 323-386.
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2) Me3ln 3LiCI, hexane Me,,.
55% selectivity ('H NMR) OTBS
Me,,
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D. Determination of the Stereochemistry of Trimethylindium Displacements
Unlike their organocuprate counterparts,49 the mechanism of the substitution of secondary
leaving groups by organoindium reagents is unknown. Other than two recent reports that
show that palladium-catalyzed organoindium displacements of allylic halides and acetates
proceed with inversion,50 there are no systematic examinations that query the stereochemical
outcome of nucleophilic displacements using organoindium reagents.
We decided to conduct such a systematic study with the aim of determining whether the
displacement of an allylic mesylate with trimethylindium proceeds with inversion of
stereochemistry (SN2 ) or rather by scrambling (SN1). Therefore, we designed the set of
experiments described in Scheme 21.
We began by preparing the enantiomerically enriched alcohols (S)- and (R)-50 by way of
the alkylation of both enantiomers of the Evans auxiliary (R)- and (S)-13 with benzyl
bromide (eqs. 1 and 2). In doing so, both compounds were obtained in excellent
enantiomeric excesses, as determined using chiral HPLC. Next, we synthesized the allylic
alcohol (S)-51 by making use of the Sharpless asymmetric epoxidation as a tool for the
kinetic resolution of rac-51.51 Unfortunately, this resolution provided the allylic alcohol in
just 82% ee. However, this enantiomeric excess was deemed sufficient to continue with the
study.
49 (a) Lipshutz, B.; Wilhelm, R. S. J. Am. Chem. Soc. 1982, 104, 4696-4698. (b) Johnson, C. R.; Dutra, G. A. J. Am. Chem.
Soc. 1973, 95, 7783-7788. For earlier contributions, see: (c) Whitesides, G. M.; Fischer, W. F., Jr.; SanFilippo, J., Jr.;
Bashe, R. W.; House, H. O. J. Am. Chem. Soc. 1969, 91, 4871-4882. (d) Corey, E. J.; Posner, G. H. J. Am. Chem. Soc.
1967, 89, 3911-3912. (e) Corey, E. J.; Posner, G. H. J. Am. Chem. Soc. 1968, 90, 5615-5616, and references therein.
50 (a) Baker, L.; Minehan, T. J. Org. Chem. 2004, 69, 3957-3960. (b) Rodriguez, D.; Pdrez, J.; Sarandeses, L. A. J. Org.
Chem. 2004, 69, 8136-8139.
51 Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamada, Y.; Ikeda, M.; Sharpless, K. B. J. Am. Chem. Soc. 1981, 103, 6237-
6240.
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Wi-Pr (S)-50
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0O 0 M e 1) LDA; BnBr Me
O N HO Bn (2)
2) LiAIH 4, Et2O Bn
Wi-Pr (R)-50
(S)-13 (>98% ee)
OH Ti(Oi-Pr)4, (+)-DIPT OH 1) MsCI, NEt, EtO e Me
MeA '"" Bn 4AMS, TBHP (60 mol%) 2) Me3In-3LiCI, hexan Me Bn + Me Bn
rac-51 (S)-51 52 531:1 regio(82% ee)
Me
H 1) 03, CH2CI2/MeOHHO .Bn
2) NaBH 4, MeOH(R)-50
(80% ee)
Subjection of allylic alcohol (S)-51 to the previously described trimethylindium
conditions provided a 1:1 mixture of regioisomers (52 and 53). From this mixture, we were
able to confirm that the stereochemical integrity of the desired regioisomer remained intact,
and more importantly, was inverted (i.e., SN2 mechanism) by carrying out an ozonolysis
reaction followed by a reductive workup to afford (R)-50 (80% ee). Correlation of this
compound to the previously synthesized enantiomeric alcohols (S)- and (R)-50 was achieved
using chiral HPLC.
E. Application of the Trimethylindium Method to the Amphidinolides
With satisfactory evidence that the methylindium reaction favored the desired SN2
displacement on the model system, we applied these conditions to the dienol system of 6.
Thus, the reaction on dienol 6 was conducted in an analogous manner to those used for the
model system (Scheme 22).
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Scheme 22
1) MsCI, NEt3, Et20
2) Me31n-3LiCI, hexane Me,,
Me
Me,,
a Me
Me
During the course of the reaction, complete consumption of the starting material (6) was
observed and two primary products were formed in a ratio of approximately 4:1 by a
qualitative assay (thin layer chromatography). Despite numerous attempts at optimizing the
formation of the desired displacement product (5), we were unsuccessful in obtaining pure
samples of desired product 5. Part of the problem was that the displacement precursor (6)
was labile under the reaction conditions, and presumably underwent unwanted side reactions
prior to exposure to the methylating reagent.52 Closer analysis of the inseparable components
of the major product after chromatography suggested that the desired transformation
occurred to a small extent, but was complicated by the presence of the other previously
mentioned side products. This conclusion was further supported by HRMS data, which
confirmed that the desired parent mass peak was present. However, it was unclear whether
the methyl incorporation was occurring at the correct site (i.e., at C16) or at the regioisomeric
locations, as it was difficult to interpret the 1H NMR of the isolated products.
Revised Synthetic Strategy to Amphidinolides G3 and H4
Due to the difficulties associated with installing the C16 methyl group at this stage, we
decided that a modification of our approach was necessary. A change that was immediately
implemented allowed for the Ni-catalyzed fragment coupling to occur by assembling the
entire carbon skeleton of amphidinolides G and H (Fig. 4). Since it is known that vinyl
52 This reactivity is due to the propensity of dienols to self-ionize, which is likely amplified upon successful formation of the
corresponding mesylate.
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epoxides are not well tolerated in transition metal-mediated reactions, 53 the focus changed to
target amphidinolide G3 and H4 solely due to their lack of this sensitive functional group. As
such, the revised syntheses of these natural products required a more elaborate 1,3-enyne
fragment (56) for the Ni-catalyzed coupling, but otherwise entailed an overall similar
strategy as that previously described (Fig. 4).
Figure 4. Revised Retrosynthetic Analysis of Amphidinolides G3 and H4
IVile un LI
Me ..,OH
HO" ,,Me
Me,, Me - Me OH
0
kiA 164 ,%i0,, iL nn rl I W IAI
OH OTBS O
O OTBS O diastereoselective OH OTBS
Me .•OTBS Ni-catalyzed reductive Me .,,OTBS
H coupling of 1,3-enyne I
+ TBS.. ,.Me and aldehyde TBSO"` " e
TBSO'Me,, Me Me,,e _Me 0 O
0 . - OTBS 9 - Me0 ýMe 0 Me
56 Me TBSO
55
The rationale behind the new approach was that if the problematic methyl installation step
that provided 54 was employed at a much later stage, we could hope to obtain some amount
of this intermediate that was only a few operations from the respective natural products. A
fortuitous discovery was made that by effectively removing the C8-C9 olefin in the coupling
reaction (present as the allylic TBS ether in 6) and in the methyl installation step, the
problem of instability of the various intermediates was avoided (vide infra). Additionally,
this alternate strategy represented a highly convergent approach to these natural products
while also addressing the critical issue of the intricate 1,3-diene moiety common to the
B-type amphidinolides.
53 For examples, see: (a) Aumann, R.; Ring, H. Angew. Chem., Int. Ed. Engl. 1977, 16, 50. (b) Trost, B. M.; Molander, G. A.
J. Am. Chem. Soc. 1981, 103, 5969-5972. (c) Tsuji, J.; Kataoka, H.; Kobayashi, Y. Tetrahedron Lett. 1981, 22, 2575-
2578. (d) Echavarren, A. M.; Tueting, D. R.; Stille, J. K. J. Am. Chem. Soc. 1988, 110, 4039-4041. (e) Fagnou, K.;
Lautens, M. Org. Lett. 2000, 2, 2319-2321.
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A. Preparation of the Elaborated 1,3-Enyne Fragment
The synthesis of the revised fragment for the Ni-catalyzed reductive coupling reaction
borrowed heavily from our previously established route. Namely, the original 1,3-enyne (8)
could be deprotected to give the allylic alcohol (57) in good yield (Scheme 23). This
compound was then stereoselectively converted to the epoxy tosylate (58) by making use of a
sequence involving a Sharpless asymmetric epoxidation reaction.54
Scheme 23
Me
TBAF
Me',,. THF Me,,
S.'• OTBS o vid
858% yield
8
Me1) Ti(Oi-Pr)4, (+)-DET
TBHP, CH2CI2
SMe,,
2) TsCI, NEt3, DMAP
CH2C12 OTs
64 % yield, 2 steps O
>9:1 d.r.
The intention for forming the tosylate (58) was for it to participate in a cuprate mediated
displacement" by an appropriate nucleophile in order to append the rest of the chain.
Consequently, this cuprate fragment was constructed from commercially available
1,4-butanediol (59) (Scheme 24). Formation of the mono-THP ether (60) and subsequent
Swern oxidation provided quick access to the known aldehyde (61).56
Scheme 24
HO1' OH  DHP, p-TsOH 0 THPO _ OH Swem 3 THPO- H
CH 2CI 2  O
59 60 91% yield 61
72% yield
This aldehyde was converted to the corresponding a,3-unsaturated ester (63)54 by
condensation with phosphonate 62 under Roush-Masamune conditions (Scheme 25). 35
54 (a) Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974-5976. (b) Hanson, R. M.; Sharpless, K. B. J. Org.
Chem. 1986, 51, 1922-1925.
55 Tsuboi, S.; Yamafuji, N.; Utaka, M. Tetrahedron Asymm. 1997, 8, 375-379.
56 Uesato, S.; Kobayashi, K.; Inouye, H. Chem. Pharm. Bull. 1982, 30, 927-940.
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Although this condensation proceeded with only a moderate degree of E:Z selectivity, we
enriched the desired geometric isomer through consecutive chromatographic purifications by
moving it along the synthetic sequence. Accordingly, reduction of 63 yielded an allylic
alcohol, which in turn was directly protected as the TBS ether under standard conditions to
form 64 (Scheme 25). Deprotection of the THP protective group under conditions reported
not to perturb TBS ethers57 and subsequent iodination gave the corresponding iodide (65).
Scheme 25
O O Me
Il LiCI, DBU, 57 1)DIBAL-H, CH202
SeTHPO 1) DIBAL-H, CH2C 2  MeEtO Et MeCN TH 2) TBSCI, imidazole THPO
Me O DMF 64
62 78% yield 63
86:14 E:Z 98% yield, 2 steps
1) MgBr2, Et20 Me S
2) 12, PPh3, imidazole
Et20/MeCN (3:1) 65
69% yield, 2 steps
>9:1 E:Z
From this point, the synthesis of the expanded 1,3-enyne fragment culminated in the union of
the epoxy tosylate (58) and the iodide (65); formation of dialkyl cuprate 66 (generated by
metal-halogen exchange 58 of 65 and mixing with one-half molar equivalent of Cul at cold
temperatures) and subsequent addition of the tosylate (58) furnished the sought-after
1,3-enyne (56) (Scheme 26). The high yield of this relatively complex fragment coupling
operation (96% yield) is particularly noteworthy. 59
57 Kim, S.; Park, J.-H. Tetrahedron Lett. 1987, 28, 439-440.
58 Negishi, E.; Swanson, D. R.; Roussert, C. J. J. Org. Chem. 1990, 55, 5406-5409.
59 An attempt to utilize a higher order organocuprate as described by Lipshutz (ref 40) for the displacement to avert the
waste of an entire equivalent of the iodide (65) was unsuccessful.
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2) Cul, Et20, -30 OC LiC 2 Et2065 66 "OTBS
B. Ni-Catalyzed Fragment Coupling and C16 Methyl Group Installation
With the newly fashioned 1,3-enyne (56) in hand, the Ni-catalyzed reductive coupling
reaction was executed (Scheme 27).
Scheme 27
O OTBSO
Me ,,OTBS Ni(cod)2 (20 mol%)TBS' HMe PCyp3 (40 mol%)
Me,.." Me Et3B (250 mol%)
...TBS 9 EtOAc
O 0 TMe 77% yield
on d-r.
>95:5 d~r
Notably, this reaction was tolerant of the C8-C9 epoxide functional group. This finding was
not entirely surprising, as our group had not previously observed reactivity with internal
epoxides.6 0 Nevertheless, it was gratifying to find that the Ni-catalyzed reductive coupling
could be applied as a fragment coupling reaction in this context and, importantly, occured
with a high degree of diastereoselectivity in accord with our previous study. At this stage of
the synthesis, we had acheived the entire carbon framework and stereogenic centers of
amphidinolides G3 and H4, save for the installation of the C 16 methyl substituent.
The application of the methylindium conditions to complete the final C-C bond formation
in our proposed syntheses of amphidinolides G3 (2) and H4 (4), behaved surprisingly different
than in our previous attempt. Namely, by generating the dienyl mesylate of 55 by treatment
with MsCl and Et3N followed by exposure to the crude trimethylindium reagent led to the
60 Molinaro, C.; Jamison, T. F. Unpublished results.
161
Me
Yn-lr VIPICI Trnm ·· · ·jrr ~~ l··r
,, nn~
formation of the desired displacement product (54),61 along with the hemiketal product (67)
(Scheme 28). It is not yet clear what factors control the rate of the formation of this stable
hemiketal, which is completely inert to the subsequent reaction conditions. We presume that
its formation occurs prior to that of the mesylate and therefore serves as an unproductive
pathway from successful generation of the desired compound (54).
Scheme 28
MsCI, NEt3, Et20
Me3in, LiCI, hexane
OTBS
OTBS
S Me
H OH.
M e So
- OTBS O Me
O Me
67
23% yield 13% yield
We began to consider possible reasons that this new set of experiments was suddenly
providing the desired displacement product, albeit in low yields, while the previous route
consistently led to an ambiguous mixture of decomposition products. We postulate that the
absence of the C8-C9 olefin in the latter substrate was beneficial in eliminating side reactions
that can result in the presence of this olefin. These side reactions may include cation-zr-type
reactions as well as pericyclic reactions with the dienyl mesylate, which can behave as a
highly stabilized carbocation.
C. Future Experiments
Having established a concise route to the entire carbon skeleton of amphidinolides G3 (2)
and H4 (4), the proposed remaining steps for completion of their syntheses are illustrated in
Scheme 29. Selective deprotection to the allylic alcohol and subsequent oxidation to the
a,j3-unsaturated acid (68) would precede the removal of the C25-C26 acetonide, thereby
providing the requisite seco-acid (69). At this point, the divergence in the respective
syntheses will involve a non-selective macrolactonization to give the ring systems of the two
61 Confirmed by 'H NMR, '3C NMR, gCOSY, HMBC, FTIR and HRMS as a single diastereomer. The relative
configuration was assigned as inversion of the original carbinol stereocenter based on studies described in Scheme 21.
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natural products.62 Global deprotection of the remaining silyl groups is imagined to complete
the syntheses of amphidinolides G3 and H4. The results of these ongoing investigations will
be conveyed at a later setting.
Scheme 29
Me OTBS 0
Me .,,OTBS
TBSO" .%Me 1) TBAF, HOAc
eMeMMe •+M 2)[0]
TBSO54
69
macrolactonization
a F-
amphidinolide H4 (4)
Conclusion
The nickel-catalyzed reductive coupling reactions of 1,3-enynes and different
electrophiles (such as aldehydes, ketones and epoxides) are very powerful methods for
synthesizing a variety of differentially substituted and geometrically defined 1,3-dienes. The
62 For a recent review of macrolactonization in total synthesis, see: Parenty, A.; Moreau, X.; Campagne, J.-M. Chem. Rev.
2006, 106, 911-939.
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amphidinoide GF-
amphidinolide G3 (2)
applicability of one of these methods (the reductive coupling of 1,3-enynes and aldehydes)
has been demonstrated in a very complex setting involving the efficient assembly of the
sterically encumbered 1,3-diene group common to all the members of the "B-Type"
amphidinolide family of natural products. This convergent fragment coupling occurred with
a high degree of diastereoselectivity for the generation of a new secondary alcohol center.
By the SN2 inversion of the corresponding mesylate by a methyl nucleophile, the entire
C1-C26 backbone of amphidinolides G3 and H4 was achieved. The synthesis of this
advanced intermediate was accomplished in only 13 steps in the longest linear sequence with
an overall chemical yield of 2.1% from 3-buten-1-ol (an average of 75% per step).
Experimental Section
For General Information, see Experimental Section in Ch. 1.
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Me,., OH
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(2S,4E)-6-(tert-Butyldimethylsilanyloxy)-2-methylhex-4-enoic acid (14). The
oxazolidinone 1363 (11.2 mmol, 2.08 g) was dissolved in THF (41 mL) and cooled to -78 oC.
To the stirring solution was added LHMDS (1.0 M in THF, 14.7 mmol, 14.7 mL) dropwise
slowly. The reaction was subsequently stirred at -78 oC for 30 min. A solution of iodide 12
(18.48 mmol, 5.77 g) in THF (7 mL) was then added dropwise and the resulting solution was
stirred 30 min at -78 "C, at 0 'C for 15 min, and finally at r.t. for 15 min. The solution was
then quenched with saturated aq. NH 4Cl soln (14 mL). Diluted with Et20 (110 mL) and H20
(85 mL), and the phases were partitioned and the aqueous layer was extracted with Et20O (2 x
75 mL). Combined the organic layers and dried with MgSO 4, filtered and concentrated in
vacuo. The crude residue was then purified by flash column chromatography (20%
63 Evans, D. A.; Ennis, M. D.; Mathre, D. J. J. Am. Chem. Soc. 1982, 104, 1737-1739.
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EtOAc/hexanes) to give the intermediate oxazolidinone as a yellow oil (3.85 g, 93%). A
small quantity of this compound (3.2 mmol, 1.18 g) was dissolved in THF/H 20 (4:1, 64 mL)
and degassed under reduced pressure and subsequently cooled to 0 oC. Added H20 2 (30% aq.
soln, 25.6 mmol, 2.9 mL) followed by LiOH-H20 (6.4 mmol, 267 mg) to the reaction
mixture. Stirred while warming to 23 'C over 1 h. Quenched with 1.5 N Na2 SO 3 aq. soln (20
mL). Stirring was maintained for 15 mins before partitioning between Et2O (100 mL) and
H20 (50 mL). Acidified the aqueous layer with 1 N HCl (10 mL) and extracted with Et20 (2
x 25 mL). The combined organic portions were dried over MgSO4, filtered and concentrated
in vacuo. Purified by flash column chromatography (40% EtOAc/hexanes) to give the
carboxylic acid 14 as a colorless oil (802 mg, 97% yield). Rf 0.38 (streak, 30%
EtOAc/hexanes). 'H NMR (500 MHz, CDCl3) 6 5.66-5.57 (m, 2H), 4.16-4.11 (m, 2H), 2.54
(app. sextet, J= 6.7 Hz, 1H), 2.48-2.39 (m, 1H), 2.24-2.15 (m, 1H), 1.19 (d, J= 8.0 Hz, 3H),
0.91 (s, 9H), 0.06 (s, 6H); 13C NMR (125 MHz, CDC13) 8 132.3, 127.3, 63.9, 39.5, 36.1,
26.2, 18.7, 16.6, -5.0; IR (film) 2956, 2931, 2886, 2858, 2652, 1709, 1472, 1464, 1417,
1380, 1361, 1289, 1255, 1198, 1135, 1098, 1055, 1006, 971, 939, 837, 814, 777, 726, 668
cm-1; HRMS ESI (m/z): [M-H]- calcd for C13H250 3Si, 257.1578; found 257.1585. [a]D =
+6.82 (c 4.4, CHC13).
O
Me,,. OMe
M -,, ,OTBS
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(2S,4E)-6-(tert-Butyldimethylsilanyloxy)-2-methylhex-4-enoic acid methyl ester (15).
The acid 14 (2.69 mmol, 695 mg) was dissolved in acetone (20 mL) in a 20 x 180 mm test
tube. In a separate 20 x 180 mm test tube potassium hydroxide (-500 mg) was dissolved
completely in EtOH (20 mL) using a high-speed vortexer (alternatively, sonification of the
suspension will suffice). The two test tubes were stoppered with two rubber stoppers (each
with two holes drilled through) and connected using three fire-polished glass hoses (see
Experimental Section of Ch. 1 for a diagram of the apparatus setup). Nitrogen was then
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passed through the generation flask (containing the KOH solution) until a steady flow was
observed. Diazald (100 mg at a time) was continuously scooped into the generation flask
and upon re-establishment of the steady flow, the solution in the reaction flask gradually
turned a deep yellow color indicating saturation with diazomethane. At this point both flasks
were purged with nitrogen until both solutions were clear in color. The solution in the
reaction flask was concentrated to give the methyl ester (15) as a colorless oil (732 mg, 99%
yield), requiring no further purification. 1H NMR (500 MHz, CDC13) 8 5.64-5.53 (m, 2H),
4.16-4.08 (m, 2H), 3.66 (s, 3H), 2.52 (app. sextet, J = 7.0 Hz, 1H), 2.44-2.36 (m, 1H), 2.20-
2.12 (m, 1H), 0.90 (s, 9H), 0.05 (s, 6H); 13C NMR (125 MHz, CDC13) 8 176.9, 132.0, 127.7,
63.9, 51.8, 39.7, 36.5, 26.2, 18.7, 16.9, -4.9; IR (film) 2955, 2931, 2886, 2857, 1741, 1463,
1435, 1378, 1361, 1255, 1211, 1194, 1168, 1135, 1098, 1054, 1007, 971, 837, 776 cm-1;
HRMS ESI (m/z): [M+Na]÷ calcd for C14H280 3SiNa, 295.1700; found 295.1712. [a]D = +4.0
(c 7.6, CHC13).
0 OEt
Me,,.
L"" OTBS
16
(3S,5E)-7-(tert-Butyldimethylsilanyloxy)-3-methylhept-5-enoic acid ethyl ester (16). The
ester 15 (1.85 mmol, 505 mg) and dibromomethane (3.7 mmol, 0.26 mL) were dissolved in
THF (9 mL) and cooled to -78 oC. In a different flask, 2,2,6,6-tetramethylpiperidine (4.07
mmol, 0.7 mL) in THF (3 mL) was deprotonated by treatment with n-butyl lithium (2.5 M in
hexanes, 3.7 mmol, 1.5 mL) at 0 oC. The lithium amide generated was then transferred to the
original reaction flask using a syringe pump and adding over 20 min. The resulting mixture
was stirred at -78 'C for 30 min and quenched with 1 N HCI (2 mL). Allowed to warm to r.t.
and diluted with Et20 (20 mL) and H20 (20 mL) and extracted with Et20 (2 x 10 mL). Dried
over MgSO4, filtered and concentrated under reduced pressure. Purified by flash column
chromatography (3% EtOAc/hexanes) to give the dibromoketone (1.08 mmol, 446 mg)
which was taken up in THF (8 mL) and cooled to -78 'C. Treated with lithium
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hexamethyldisilazide (1.0 M in THF, 1.19 mmol, 1.2 mL) over 20 min and stirred an
additional 20 min after the addition was completed. Added n-butyl lithium (2.5 M in
hexanes, 2.4 mmol, 0.95 mL) all at once and stirred the resulting brown reaction mixture for
30 mins. Syringe pump transferred to a stirring solution of acetyl chloride (3.3 mL) in
ethanol (16.7 mL) at 0 oC over 30 min. Quenched by adding saturated aq. NaHCO3 soln (20
mL). Diluted with Et20O (40 mL) and H20 (20 mL) and extracted with EtOAc (2 x 20 mL).
The combined organic layers were washed with brine soln (10 mL), dried over MgSO 4,
filtered and concentrated in vacuo. Purified by flash column chromatography (30%
EtOAc/hexanes) to give the allylic alcohol (0.75 mmol, 140 mg) which was dissolved in
DMF (0.75 mL). To the stirring solution at 23 "C was added imidazole (2.25 mmol, 153 mg)
and TBSC1 (1.13 mmol, 170 mg). The reaction was allowed to proceed for lh before diluting
with Et20 (10 mL) and H20 (10 mL) and extracting with Et20 (2 x 10 mL). The combined
organic portions were washed several times with H20 in order to remove residual DMF,
dried with MgSO 4 , filtered and concentrated in vacuo. Purified by flash column
chromatography (5% EtOAc/hexanes) to give the homologated ethyl ester 16 as a colorless
oil (128 mg, 23% yield from 15). Rf0.5 (10% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3)
8 5.65-5.52 (m, 2H), 4.16-4.10 (m, 4H), 2.33 (dd, J= 13.5, 3.9 Hz, 1H), 2.12-1.94 (m, 5H),
1.26 (t, J= 7.7 Hz, 3H), 0.95 (d, J= 5.8 Hz, 3H), 0.91 (s, 9H), 0.08 (s, 6H); 13C NMR (125
MHz, CDC13) . 173.5, 131.7, 128.7, 64.1, 60.4, 41.4, 39.5, 30.7, 26.2, 19.8, 18.7, 14.5, -4.9;
IR (film) 2957, 2930, 2898, 2858, 1738, 1473, 1463, 1378, 1303, 1256, 1205, 1163, 1098,
1054, 1007, 972, 939, 837, 814, 776, 667 cm-'; HRMS ESI (m/z): [M+Na]+ calcd for
C16H210 3SiNa, 323.2013; found 323.2015. [a]D = +12.5 (c 3.2, CHC13).
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(3S,5E)-7-(tert-Butyldimethylsilanyloxy)-3-methylhept-5-enoic acid (N-methoxy) methyl
amide (17). N,O-dimethylhydroxylamine hydrochloride (2.05 mmol, 197 mg) was placed in
a flame-dried 25-mL flask and dissolved in CH2C12 (2 mL) and set under an argon
atmosphere. The flask was cooled to 0 oC and treated with trimethylaluminum (2.0 M in
hexanes, 2.0 mmol, 1.0 mL). Stirred at that temperature 10 min and warmed to r.t. and stirred
another 20 min. Added 16 (0.41 mmol, 122 mg) in a solution of CH 2C12 (1 mL) and stirred 5
h at 23 "C. Quenched carefully by adding H20 (1 mL) and diluting with Et20 (10 mL) and
saturated aq. Rochelle's salt soln (10 mL). Stirred at r.t. for 2 h to remove emulsions caused
by the aluminum salts generated during workup. Partitioned the phases and extracted with
Et 20 (2 x 10 mL). Dried over MgSO 4, filtered and concentrated. Purified by flash column
chromatography (25% EtOAc/hexanes) to give the Weinreb amide 17 as a colorless oil (126
mg, 98% yield). Rf0.33 (30% EtOAc/hexanes). 1H NMR (500 MHz, CDCl3) 8 5.67-5.52 (m.
2H), 4.13 (br d, J= 4.7 Hz, 2H), 3.67 (s, 3H), 3.18 (s, 3H), 2.42 (dd, J= 22.7, 5.9 Hz, 1H),
2.28-2.18 (m, 1H), 2.17-2.04 (m, 2H), 2.03-1.93 (m, 1H), 0.95 (d, J= 9.0 Hz, 3H), 0.90 (s,
9H), 0.06 (s, 6H); 13C NMR (125 MHz, CDCl3) 8 178.2, 131.5, 129.2, 64.1, 61.4, 39.8, 38.6,
30.0, 26.2, 20.1, 18.7, -4.9; IR (film) 2956, 2930, 2897, 2857, 1669, 1472, 1463, 1442, 1411,
1383, 1362, 1255, 1176, 1100, 1053, 1006, 972, 837, 815, 776, 667 cnm'; HRMS ESI (m/z):
[M+Na] + calcd for C16H33NO3SiNa, 338.2122; found 338.2114. [a]D = +2.8 (c 7.2, CHCl3).
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(6S,8E)-10-(tert-Butyldimethylsilanyloxy)-6-methyldec-8-en-2-yn-4-one (18). Weinreb
amide 17 (0.21 mmol, 65 mg) was dissolved in THF (0.75 mL) and cooled to 0 oC. 1-
propynylmagnesium bromide (0.5 M in THF, 0.42 mmol, 0.82 mL) was added and the
reaction was stirred while warming to 23 'C for 1 h. Quenched with 1 N HCI (5 mL) and
diluted with Et20 (30 mL) and H20 (10 mL). Extracted with Et2O (2 x 10 mL), dried over
MgSO4, filtered and concentrated in vacuo. Filtered through a short plug of silica (eluting
with 10% EtOAc/hexanes) to give the ynone 18 as a yellow oil (53 mg, 86% yield). This
compound readily decomposes even when stored at <-10 oC . Rf 0.82 (30% EtOAc/hexanes).
'H NMR (500 MHz, CDC13) 8 5.65-5.52 (m, 2H), 4.14 (d, J= 4.5 Hz, 2H), 2.55 (dd, J=
16.0, 5.5 Hz, 1H), 2.32 (dd, J= 15.5, 8.5 Hz, 1H), 2.19 (octet, J= 7.0), 2.09-1.95 (m, 2H),
2.02 (s, 3H), 0.94 (d, J = 7.0 Hz, 3H), 0.91 (s, 9H), 0.08 (s, 6H); 13C NMR (125 MHz,
CDCl3) 8 188.3, 131.9, 128.6, 90.1, 80.7, 64.0, 52.3, 39.5, 30.0, 26.2, 19.8, 18.7, 4.3, -4.9;
IR (film) 2957, 2929, 2857, 2220, 1674, 1559, 1472, 1463, 1379, 1362, 1255, 1164, 1096,
1053, 1007, 973, 938, 836, 777 cmn1; HRMS ESI (m/z): [M+Na] ÷ calcd for C17H3002SiNa,
317.1907; found 317.1910. [ac]D = -11.1 (c 3.6, CHCl3).
OH
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(2S,4E)-6-(tert-Butyldimethylsilanyloxy)-2-methylhex-4-en-1-ol (21). The alkylated
oxazolidinone (9.71 mmol, 3.59 g) was dissolved in Et20O (37 mL) and cooled to 0 oC.
LiAlH4 (29.1 mmol, 1.11 mg) was added slowly in portions. Stirred at cold temperature for 1
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h and quenched by pouring the reaction mixture into H20 (75 mL). Diluted with Et20 (150
mL) and saturated aq. Rochelle's salt soln (75 mL) and stirred very vigorously for 2 h.
Separated the phases and extracted the aqueous with EtOAc (2 x 50 mL). Dried over MgSO4,
filtered and concentrated in vacuo. Purified by flash column chromatography (20%
EtOAc/hexanes) to give the 10 alcohol 10 as a colorless oil (2.17 g, 91% yield). Rf 0.36
(30% EtOAc/hexanes). 'H NMR (500 MHz, CDCl3) 8 5.70-5.55 (m, 2H), 4.13 (d, J= 7.0 Hz,
2H), 3.56-3.42 (m, 2 H), 2.15 (dt, J= 14.7, 7.5 Hz, 1H), 1.93 (dt, J= 14.0, 6.5 Hz, 1H), 1.73
(sextet, J= 6.0 Hz, 1H), 1.36 (t, J= 5.3 Hz, 1H), 0.93 (d, J= 7.3 Hz, 3H), 0.91 (s, 9H), 0.08
(s, 6H); '3 C NMR (125 MHz, CDCl3) 8 131.2, 129.3, 68.2, 64.1, 36.4, 36.1, 26.2, 18.7, 16.7,
-4.9; IR (film) 3356, 2956, 2930, 2858, 1472, 1378, 1255, 1100, 1053, 971, 837, 776 cm-';
HRMS ESI (m/z): [M+Na]+ calcd for C13H2 802SiNa, 267.1751; found 267.1747. [a]D =
+2.27 (c 8.8, CHCl 3).
M
(2S,4E)-6-(tert-Butyldimethylsilanyloxy)-2-methyl-1-(2-methyl-[1,3]dithian-2-yl)hex-4-
ene (23). Alcohol 21 (0.816 mmol, 200 mg) was taken up in Et20:MeCN (3:1, 4.8 mL) and
to the stirring solution at r.t. were added imidazole (1.84 mmol, 125 mg), triphenylphosphine
(1.22 mmol, 321 mg) and iodine (1.22 mmol, 317 mg) sequentially. Stirred the resulting
yellow reaction mixture 1 h and quenched with H20 (20 mL). At that point, the solution
went clear. Extracted with Et20O (3 x 10 mL). The combined organic portions were washed
with saturated aqueous Na2S20 3 solution (2 x 15 mL), dried over MgSO4, filtered and
concentrated. Purified by flash column chromatography (2% EtOAc/hexanes) to give the
iodide (ES1) as a clear oil (275 mg, 95%). 2-Methyl-1,3-dithiane (22) (0.86 mmol, 103 pL)
was dissolved in THF (4 mL) and cooled to -78 'C and n-butyl lithium (2.5 M in hexanes,
0.86 mmol, 0.34 mL) was added. Warmed to 0 oC and stirred for 30 min. Re-cooled to -78
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'C and added the iodide (0.77 mmol, 275 mg) in a solution of THF (1 mL). Allowed to
gradually warm to r.t. while stirring 12 h. Quenched with saturated aq. NH4Cl soln (5 mL)
and diluted with Et20O (20 mL) and H20 (15 mL). Phases were separated and the aqueous was
extracted with Et20 (2 x 15 mL). Dried over MgSO 4, filtered and concentrated in vacuo.
Purified by gradient silica gel chromatography (1% to 3% EtOAc/hexanes). Gave the title
compound 23 as a colorless oil (181 mg, 65% yield). Rf 0.57 (10% EtOAc/hexanes). 1H
NMR (500 MHz, CDC13) 8 5.67-5.53 (m, 2H), 4.13 (d, J= 4.0 Hz, 2H), 2.87-2.81 (m, 4H),
2.17-2.09 (m, 1H), 2.06-1.92 (m, 4H), 1.88-1.80 (m, 1H), 1.72 (dd, J= 14.5, 6.0 Hz, 1H),
1.65 (s, 3H), 1.03 (d, J = 6.5 Hz, 3H), 0.91 (s, 9H), 0.07 (s, 6H); 13C NMR (125 MHz,
CDC13) 8 131.5, 129.5, 64.2, 49.8, 48.0, 41.8, 31.0, 30.1, 28.6, 26.9, 26.9, 26.2, 25.5, 22.5,
18.7, -4.9; IR (film) 2954, 2929, 2856, 1472, 1462, 1423, 1255, 1132, 1097, 1054, 1006,
972, 908, 837, 776 cm-1; HRMS ESI (m/z): [M+Na] ÷ calcd for C18H 36OS 2SiNa, 383.1869;
found 383.1865. [a]D = +4.2 (c 4.8, CHC13).
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(4S,6E)-8-(tert-Butyldimethylsilanyloxy)-4-methyloct-6-en-2-one (20). The iodide (ES1)
(0.192 mmol, 0.068 mg) was dissolved in Et2O (1 mL) and cooled to -78 'C. To the stirring
solution was added t-BuLi (1.56 M in pentanes, 0.422 mmol, 0.271 mL) dropwise. The
solution was stirred for 2 h at -78 'C and N-methoxy-N-methyl-acetamide (0.576 mmol,
0.068 mL) was added. The solution was then warmed to r.t. and stirred for 30 min. The
solution was quenched with H20 (7 mL) and diluted with Et20 (10 mL). Extracted with
Et20 (2 x 15 mL). Dried over MgSO 4, filtered and concentrated in vacuo. Purified by flash
column chromatography (10% EtOAc/hexanes) to give 20 as a colorless oil (87 mg, 60%
yield). Rf 0.63 (30% EtOAc/hexanes); 'H NMR (500 MHz, CDCl3) 6 5.63-5.49 (m, 2H), 4.12
(d, J= 4.5 Hz, 2H), 2.44 (dd, J= 16.0, 5.5 Hz, 1H), 2.20 (dd, J= 16.0, 8.0 Hz, 1H), 2.14-
2.05 (m, 1H), 2.12 (s, 3H), 2.03-1.91 (m, 2H), 0.93-0.88 (m, 15H,), 0.06 (s, 6H); 3C NMR
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(125 MHz, CDC13) 8 209.1, 131.7, 128.9, 64.0, 50.6, 39.7, 30.7, 29.5, 26.2, 24.5, 20.0, 18.7,
-4.9; IR (film) 2956, 2930, 2857, 1717, 1463, 1362, 1255, 1099, 1054, 972, 837, 776 cmr;
HRMS ESI (m/z): [M+Na] ÷ calcd for C15H3002SiNa, 293.1907; found 293.1926. [a]D = -6.0
(c 11.6, CHCl 3).
Me
Me,,
SMOTBS
8
(6S,8E)-10-(tert-Butyldimethylsilanyloxy)-6-methyl-4-methylene-8-decen-2-yne (8). A
solution of the ketone 20 (0.185 mmol, 50 mg) in THF (0.7 mL) was cooled to -78 'C. To
the stirring solution was added LHMDS (1.0 M in THF, 0.241 mmol, 0.241 mL) dropwise.
The solution was stirred at -78 'C for 1 h and N-(5-chloro-2-pyridyl) triflimide (0.369 mmol,
145 mg) was added dissolved in THF (0.5 mL). The resultant reaction mixture was stirred
for 0.5 h at -78 'C and warmed to 0 oC and continued stirring for another 0.5 h. Partitioned
the mixture between Et20 (10 mL) and saturated aq. NaHCO 3 solution (10 mL) and extracted
with Et20 (3 x 5 mL). Dried over MgSO4, filtered and concentrated in vacuo. The crude
product was then taken up in diisopropylamine (0.6 mL) and palladium
tetrakistriphenylphosphine (0.0185 mmol, 21 mg) and copper iodide (0.0185 mmol, 4 mg)
were added. Propyne was subsequently bubbled through the reaction mixture at -78 'C until
an amount determined to be in excess was added. The reaction mixture was then stirred at
-78 "C for 15 min and 0 "C for 30 min. The residue was filtered through a short pad of silica
and concentrated in vacuo. Purified by flash column chromatography (2% EtOAc/hexanes) to
give the enyne 4 as a yellow oil (46 mg, 85% yield from 20). Rf 0.7 (10% EtOAc/hexanes).
'H NMR (500 MHz, CDCl3) 5.68-5.51 (m, 2H), 5.26 (s, 1H), 5.11 (s, 1H), 4.14 (d, J= 4.5
Hz, 2H), 2.18-2.05 (m, 2H), 1.95 (s, 3H), 1.94-1.81 (m, 3H), 0.92 (s, 9H), 0.88 (d, J= 6.0
Hz, 3H), 0.08 (s, 6H); 13C NMR (125 MHz, CDC13) 8 131.0, 129.7, 121.2, 98.9, 64.3, 45.0,
39.3, 31.8, 26.2, 24.5, 24.5, 19.2, 18.7, 4.5, -4.9; IR (film) 2955, 2928, 2857, 1611, 1472,
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1463, 1437, 1377, 1361, 1297, 1255, 1122, 1097, 1053, 1006, 971, 894, 836, 814, 776 cm 1;
HRMS ESI (m/z): [M+H]÷ calcd for C18H33OSi, 293.2295; found 293.2294. [a]D = -10.7 (c =
2.8, CHCl3).
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[(2Z)-2-((2R)-4-Benzyloxy-2-hydroxy-butyl)-3-phenyl-allyl]phosphonic acid dimethyl
ester (16). Ni(cod) 2 (0.85 mmol, 234 mg) was placed in a 25-mL flask inside a glove box.
After the flask was removed from the glove box and placed under an argon atmosphere,
tributylphosphine (1.7 mmol, 425 [tL) and triethylborane (34.0 mmol, 5 mL) were added at
ambient temperature. The mixture was then stirred for 5 min before the addition of epoxide
(S)-3230b (>96% ee, 17.9 mmol, 3.2 g) followed by the syringe pump addition of the
alkynylphosphonate 34 (8.5 mmol, 1.9 g) dissolved in EtOAc (3.3 mL) over 4 h. The
resultant reaction mixture was stirred at r.t. for 12 h, before the septum seal was removed and
the reaction allowed to air-oxidize for 1 h. Concentrated the solution in vacuo and purified
the residue by gradient flash column chromatography (EtOAc - 5% MeOH/EtOAc) to give
the title compound (35, >95:5 regio, >95:5 Z/E) as a yellow oil (2.31 g, 68% yield). Rf 0.2
(EtOAc); 1H NMR (500 MHz, CDCl3) 8 7.72-7.66 (m, 1H), 7.59-7.46 (m, 1H), 7.39-7.22 (m,
10H), 6.60 (d, J= 5.2 Hz, 1H), 4.56 (s, 2H), 4.13-4.11 (m, 1H), 3.79-3.66 (m, 2H), 3.69 (d, J
= 11.0 Hz, 3H), 3.66 (d, J= 11.0 Hz, 3H), 3.32 (d, J= 3.1 Hz, 1H), 2.98 (dt, J= 22.5, 15.0,
Hz, 2H), 2.63 (dt, J= 13.7, 3.1 Hz, 1H), 2.50 (dd, J= 13.4, 8.9 Hz, 1H), 1.84 (app q, J= 6.1,
2H); 13C NMR (125 MHz, CDCl3) 6 138.8, 132.9, 132.8, 132.6, 132.6, 132.5, 130.5, 129.3,
129.3, 129.3, 129.2, 129.1, 128.4, 128.4, 127.6, 74.0, 69.8, 69.8, 69.4, 53.4, 53.3, 46.7, 46.7,
37.4, 29.5, 28.4; IR (film) 3391, 2950, 2851, 1495, 1453, 1438, 1251, 1182, 1054, 1028, 867,
699 cm-1; HRMS ESI (m/z): [M+Na]÷ calcd for C22H2905PNa, 427.1645; found 427.1659.
[a]D = -12.5 (c 0.8, CHCl3).
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{(2Z)-2-[(2R)-4-Benzyloxy-2-(tert-butyl-dimethyl-silanyloxy)-butyll-3-phenyl-allyl}-
phosphonic acid dimethyl ester (36). Alcohol 35 (3.5 mmol, 1.4 g) was dissolved in
anhydrous N,N-dimethylformamide (1.4 mL) and to the stirring solution was added
imidazole (14.0 mmol, 0.95 g) and TBSC1 (7.0 mmol, 1.06 g). The reaction mixture was
allowed to stir at r.t. for 16 h. The mixture was then loaded directly onto a silica column and
purified by flash column chromatography (3:2 EtOAc/hexanes) to give the TBS-ether 36 as a
colorless oil (1.1 g, 60% yield). Rf= 0.56 (EtOAc); 1H NMR (400 MHz, CDCl3) 6 7.36-7.20
(m, 10H), 6.52 (d, J= 5.5, 1H), 4.55-4.41 (m, 2H), 4.12-4.04 (m, 1H), 3.67 (d, J= 2.8, 3H),
3.64 (d, J= 2.8, 3H), 3.59 (app. t. J= 6.5, 2H), 2.89 (dt, J= 25.1, 14.6 Hz, 2H), 2.56-2.52
(m, 2H), 1.91-1.76 (m, 3H), 0.89 (s, 9H), 0.11 (s, 3H), 0.08 (s, 3H); 13C NMR (100 MHz,
CDC13) 8 138.7, 137.4, 132.2, 130.0, 128.8, 128.7, 128.6, 127.8, 127.7, 126.9, 73.2, 68.8,
68.8, 67.1, 56.7, 56.7, 52.6, 45.7, 37.4, 29.4, 28.0, 26.1, 18.2, -4.2, -4.5; IR (film) 2952,
2855, 1495, 1454, 1361, 1255, 1182, 1096, 1057, 1030, 938, 836, 776, 699 cm-1; HRMS ESI
(m/z): [M+Na]+ calcd for C28H4305PSiNa, 541.2510; found 541.2537. [a]D = -7.1 (c 2.8,
CHCl 3).
TBSO O O
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[(4S)-6-Benzyloxy-4-(tert-butyl-dimethyl-silanyloxy)-2-oxo-hexyl] phosphonic acid
dimethyl ester (29). The olefin 36 (3.45 mmol, 1.79 g) was dissolved in a solvent
composition of CH 2C12/MeOH (9:1, 35 mL) and cooled to -78 'C while purging with 02.
An ozone stream was introduced and bubbled through the reaction mixture until the solution
turned blue in color. At this point, ozone treatment was discontinued and the reaction
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mixture was re-purged with 02. Methylsulfide (35.0 mmol, 2.5 mL) was added and the
resulting mixture was stirred, warming to r.t. for 6 h. The solution was concentrated in vacuo
and the residue was purified by flash column chromatography (3:2 EtOAc/hexanes) to give
the ketophosphonate 29 as a colorless oil (1.19 g, 78% yield). Rf= 0.34 (EtOAc); 'H NMR
(500 MHz, CDC13) 8 7.35-7.27 (m, 5H), 4.62 (ABq, J = 11.8, 5.8 Hz, 2H), 4.45-3.81 (m,
1H), 3.78 (d, J= 2.1 Hz, 3H), 3.76 (d, J= 2.1 Hz, 3H), 3.56-3.52 (m, 2H), 3.11 (d, J= 1.5
Hz, 1H), 3.07 (d, J= 1.5 Hz, 1H), 2.80 (d, J= 7.0 Hz, 2H), 1.82-1.77 (m, 2H), 0.86 (s, 9H),
0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (125 MHz, CDC13) 6 201.5, 139.1, 130.2, 129.1, 129.1,
128.3, 128.3, 73.6, 67.1, 67.0, 53.7, 53.7, 53.7, 53.6, 52.1, 52.1, 43.7, 42.7, 37.9, 26.5, 18.7,
-4.0, -4.1; IR (film) 2955, 2856, 1717, 1471, 1361, 1257, 1184, 1031, 937, 836, 777, 698
cmn- 1; HRMS ESI (m/z): [M+Na] + calcd for C21H3706PSiNa, 467.1989; found 467.1984. [a]D
= +2.1 (c 4.8, CHC13).
O
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(2R)-3-((4R)-2,2-Dimethyl-[1,3]dioxolan-4-yl)-2-methyl-propionaldehyde (30). The
commercially available alcohol (37) (37.8 mmol, 5g) was dissolved in CH2C12 (38 mL) and
to the stirring solution at r.t. was added Et3N (56.7 mmol, 8 mL). The reaction was
subsequently cooled to 0 oC and TsCl (41.6 mmol, 8 g) was added in four portions over 20
min. The reaction was allowed to warm to r.t. while stirring 12 h. Diluted with H20 (20 mL)
and extracted with CH2C12 (2 x 15 mL). Washed the combined organics with H20 (15 mL),
sat. aq. NaHCO 3 (15 mL) and brine (15 mL). Dried over MgSO 4, filtered and concentrated.
Some of this tosylate (5.2 mmol, 1.5 g) was directly carried forward by dissolving in acetone
(75 mL) and adding rigorously dried Nal (104 mmol, 15.5 g) to the solution. The mixture
was heated to a gentle reflux. Maintained the reaction at that temperature 20 h. Cooled to r.t.
and filtered eluting with acetone. The solvent was removed in vacuo and the resulting solid
was dissolved in H20 (100 mL) and Et20O (100 mL). The phases were partitioned and the
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aqueous layer was extracted with Et20 (2 x 50 mL). The combined organic portions were
washed once with saturated aq. Na2S20 3 soln. Dried over MgSO 4, filtered and concentrated
to provide the iodide (37) as a yellow oil (995 mg, 79% yield from 37). n-BuLi (2.5 M in
hexane, 16.4 mmol, 6.6 mL) was added to a suspension of LiCl (52.1 mmol, 2.2 g) and
diisopropylamine (17.6 mmol, 2.5 mL) in THF (12 mL) at -78 oC. The resulting reaction
mixture was warmed to 0 oC and stirred 30 min. Re-cooled to -78 'C for the slow addition of
the amide (39)33 (8.6 mmol, 1.9 g) in THF (25 mL) over 5 min. Stirred 1 h at -78 'C, warmed
to 0 oC and stirred 30 min and again to r.t. for 5 min. Re-cooled to 0 oC and added the iodide
(37) all at once. The reaction mixture was stirred while warming to r.t. over a 40 h period.
Quenched with saturated aq. NH4Cl (20 mL). Diluted with H20 (50 mL) and EtOAc (100
mL). Extracted with EtOAc, dried over MgSO4, filtered and concentrated in vacuo. Purified
the residue by flash column chromatography (100% EtOAc) to furnish the amide (40) as an
off-color viscous oil (1.31 g, 95% yield). Diisopropylamine (12.9 mmol, 1.8 mL) was
dissolved in THF (14 mL) and cooled to -78 'C. Treated with n-BuLi (2.5 M in hexane, 12.0
mmol, 4.8 mL) and then warmed to 0 oC and stirred 30 min. Added borane-ammonia
complex (tech 90%, 12.3 mmol, 380 mg) and stirred 15 min, warmed to r.t. for 15 min.
Re-cooled to 0 oC and added a solution of the amide (40) (3.07 mmol, 1.03 g) in THF (14
mL). Warmed eventually to r.t. and stirred for a 16 h period. Cooled to 0 oC and quenched
with a 3 M HCI soln (2.5 mL) slowly as not to cause a violent reaction. Diluted immediately
with H20 (50 mL) and EtOAc (50 mL). Extracted with EtOAc (3 x 15 mL), dried over
MgSO 4, filtered and concentrated in vacuo. Purified by slow gradient chromatography (30%
to 60% EtOAc/hexane) to provide a primary alcohol 64 (455 mg, 85% yield). Oxalyl chloride
(3.87 mmol, 338 RLL) was dissolved in CH2C12 (8.6 mL) and cooled to -78 'C. Added DMSO
(5.18 mmol, 369 gL) and stirred 15 min. Added a solution of the alcohol (2.58 mmol, 455
mg) dissolved in CH 2C12 (4.5 mL) dropwise and stirred 45 min at -78 'C. Subsequently
added Et3N (7.74 mmol, 1.08 mL). The reaction mixture was stirred 1 h while warming to r.t.
before being quenched with saturated aq. NH4Cl soln (5 mL). Diluted and extracted with
Et20. Dried over MgSO 4, filtered and concentrated in vacuo. The crude residue was purified
by flash column chromatography (20% EtOAc/hexanes) to give the aldehyde 30 (306 mg,
64 For previous syntheses of this alcohol (in eight steps), see: (a) Tsuda, M.; Sasaki, T.; Kobayashi, J. J. Org. Chem. 1994,
59, 3734-3737. (b) Horita, K.; Tanaka, K.; Yonemitsu, O. Chem. Pharm. Bull. 1993, 41, 2044-2046 and references cited
therein.
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68% yield). Rf= 0.28 (10% EtOAc/hexanes); 'H NMR (500 MHz, CDCl3) 8 9.66 (d, J= 1.5
Hz, 1H), 4.20-4.14 (m, 1H), 4.08 (dd, J = 8.2, 6.1 Hz, 1H), 3.55 (dd, J = 7.9, 6.7 Hz, 1H),
2.62-2.53 (m, 1H), 2.03 (ddd, J = 15.3, 9.2, 6.1 Hz, 1H), 1.48 (ddd, J = 11.9, 7.9, 4.0 Hz,
1H), 1.40 (s, 3H), 1.34 (s, 3H), 1.15 (d, J= 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) 6
204.7, 109.4, 73.8, 69.8, 44.0, 34.9, 27.2, 25.9, 13.8; IR (film) 2986, 2878, 2718, 1726, 1585,
1458, 1380, 1215, 1160, 1059, 932, 879, 827, 788, 746 cmn-1; HRMS ESI (m/z): [M+Na]÷
calcd for C9H16 0 3, 195.0992; found 195.0999. [a]D = -4.2 (c 4.8, CHC13).
TBSO 0
(2R,3E,7S)-9-Benzyloxy-7-(tert-butyl-dimethyl-silanyloxy)-1-((4R)-2,2-dimethyl-[1,3]
dioxolan-4-yl)-2-methyl-non-3-en-5-one (28). To a vigorously stirred suspension of
vacuum-dried LiCl (1.4 mmol, 59 mg) in MeCN (8 mL) was added the ketophosphonate 29
(1.15 mmol, 511 mg). Added diisopropylethylamine (1.4 mmol, 240 [tL) followed by the
aldehyde 30 (1.09 mmol, 187 mg). The reaction mixture was then stirred 40 h at ambient
temperature. Quenched with saturated aq. NH 4Cl (1.3 mL) and diluted with Et2O (25 mL)
and H2 0 (25 mL). Partitioned the phases and extracted the aqueous with Et2O (3 x 20 mL),
dried with MgSO 4, filtered and concentrated in vacuo. Purified by flash column
chromatography (10% EtOAc/hexanes) to give the enone 28 (>9:1 E/Z) as an off-color oil
(475 mg, 89%). Rf= 0.58 (30% EtOAc/hexanes); 'H NMR (500 MHz, CDC13) 8 7.35-7.27
(m, 5H), 6.74 (dd, J= 15.9, 7.6 Hz), 6.07 (d, J= 15.9), 4.49 (ABq, J= 19.2, 12.2 Hz, 2H),
4.42-4.36 (m, 1H), 4.14-4.08 (m, 1H), 4.04 (dd, J= 7.6, 5.8 Hz, 1H), 3.60-3.52 (m, 2H), 3.50
(dd, J= 7.6, 7.0 Hz, 1H), 2.78 (dd, J= 15.3, 7.0 Hz, 1H), 2.64 (dd, J= 15.3, 7.0 Hz, 1H),
2.49-2.43 (m, 1H), 1.86-1.78 (m, 2H), 1.81-1.74 (m, 1H), 1.50-1.45 (m, 1H), 1.41 (s, 3H),
1.35 (s, 3H), 1.09 (d, J= 7.0 Hz, 3H), 0.85 (s, 9H), 0.05 (s, 3H), 0.01 (s, 3H); 13C NMR (125
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MHz, CDCl3) 8 200.0, 152.7, 139.2, 130.1, 129.1, 128.3, 128.2, 128.2, 109.6, 74.4, 73.6,
70.3, 67.7, 67.3, 48.6, 40.5, 38.3, 34.4, 27.8, 26.6, 26.5, 19.8, 18.7, -3.9, -4.0; HRMS ESI
(m/z): [M+Na]+ calcd for C28H4605SiNa, 513.3007; found 513.2997. [a]D = -5.9 (c 6.8,
CHC13).
(2R,3S,4R,7S)-9-Benzyloxy-7-(tert-butyl-dimethyl-silanyloxy)-1-((4R)-2,2-dimethyl-
[1,3]dioxolan-4-yl)-3,4-dihydroxy-2-methyl-nonan-5-one (27). AD-mix-a (0.94 mmol,
1.3 g), potassium osmate (0.10 mmol, 33 mg), (DHQ) 2PHAL (0.042 mmol, 33 mg) and
NaHCO 3 (0.28 mmol, 235 mg) were combined in a 20-mL dram vial equipped with a stir bar
and dissolved in t-BuOH/H20 (1:1, 10.4 mL). The mixture stirred vigorously until all the
solids were dissolved. This solution was then transferred by a Pasteur pipet into a cooled (5
°C) flask containing the enone 28 (0.94 mmol, 460 mg). The mixture was then stirred 36 h
while maintaining the temperature between 0-5 °C in a refrigerator. Quenched at cold
temperature after this time with saturated aq. Na2 SO 3 (0.8 mL) and stirring was continued for
30 min. Finally, the brown-colored mixture was diluted with EtOAc (10 mL) and H20 (2
mL). Separated the phases and extracted the aqueous layer with EtOAc (2 x 10 mL). The
combined organic phases were dried with Na2 SO 4, filtered and concentrated in vacuo.
Purified by flash column chromatography (25% EtOAc/hexanes) to give the diol 27 (>95:5
d.r.) as a clear oil (409 mg, 83%). Rf = 0.36 (30% EtOAc/hexanes); 1H NMR (500 MHz,
CDC13) 8 7.36-7.26 (m, 5H), 4.45 (ABq, J = 20.5, 12.0, 2H), 4.43-4.39 (m, 1H), 4.19-4.14
(m, 1H), 4.12 (dd, J= 4.0, 1.5 Hz, 1H), 4.05 (dd, J= 8.0, 6.0 Hz, 1H), 3.74 (d, J= 4.0, 1H),
3.73-3.70 (m, 1H), 3.60-3.56 (m, 1H), 3.52-3.48 (m, 1H), 2.78 (dt, J = 16.0, 7.0 Hz, 2H),
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2.25 (d, J= 9.5 Hz, 1H), 1.99-1.94 (m, 1H), 1.84-1.75 (m, 3H), 1.41 (s, 3H), 1.35 (s, 3H),
1.34-1.29 (m, 1H), 1.03 (d, J= 6.5 Hz, 3H), 0.86 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR
(125 MHz, CDC13) 8 210.4, 138.9, 129.1, 128.4, 128.3, 109.6, 78.4, 75.4, 75.1, 73.7, 70.6,
67.3, 67.0, 46.4, 37.7, 37.6, 35.6, 27.7, 26.5, 18.7, 16.4, -4.0, -4.1; IR (film) 3454, 2954,
2931, 2858, 1715, 1455, 1371, 1253, 1217, 1080, 837, 777, 698 cm-; HRMS ESI (m/z):
[M+Na]÷ calcd for C28H4807SiNa, 547.3061; found 547.3079. [a]D = -10.2 (c 6.4, CHC13).
O OTBSO
H *.,
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(3S,6R,7S)-3,6,7-Tris-(tert-butyl-dimethyl-silanyloxy)-9-((4R)-2,2-dimethyl-[1,3]dioxo-
lan-4-yl)-8-methyl-5-oxo-nonanal (9). The diol 27 (0.78 mmol, 408 mg) was dissolved in
CH2C1 2 (8 mL) and cooled to 0 OC. Added 2,6-lutidine (4.7 mmol, 0.54 mL) all at once and
TBSOTf (2.3 mmol, 0.54 mL) dropwise over 3 min. Stirred 30 min at 0 OC and subsequently
warmed to r.t. and stirred 30 min. Diluted with H20 (10 mL), partitioned the phases and
extracted the aqueous with Et20 (15 mL). Dried over MgSO 4, filtered and concentrated in
vacuo. The crude was purified by flash column chromatography (5% EtOAc/hexanes) to
give the benzyl ether as a clear oil (577 mg, 92%). A portion of this benzyl ether (0.14 mmol,
108 mg) was dissolved in 95% EtOH (10 mL) and Pd(OH)2/C (14 mg) was added. The
reaction flask was evacuated and re-cycled with H2 from a balloon source. This process was
repeated two more times. The suspension was then allowed to stir 6 h at r.t. The mixture
was filtered through a short pad of silica gel eluting with Et20O. The filtrate was concentrated
in vacuo. This compound was then dissolved in anhydrous CH2C12 (50 mL), and at r.t. treated
with the Dess-Martin periodinane (0.21 mmol, 89 mg). Stirred 1 h and concentrated in
vacuo. Purified by flash column chromatography (5% EtOAc/hexanes) to give the title
compound 9 as a clear oil (92 mg, quantitative). Rf = 0.3 (10% EtOAc/hexanes); 'H NMR
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(500 MHz, CDC13) 8 9.81 (q, J= 1.8 Hz, 1H), 4.71-4.65 (m, 1H), 4.13-4.08 (m, 1H), 4.04 (t,
J= 6.1 Hz, 1H), 3.74 (t, J= 4.3 Hz, 1H), 3.45 (t, J= 7.6 Hz, 1H), 3.11 (dd, J= 18.9, 4.0 Hz,
1H), 2.76 (dd, J= 18.9, 8.5 Hz, 1H), 2.70 (ddd, J= 15.6, 4.3, 1.6 Hz, 1H), 2.45 (ddd, J=
15.6, 6.7, 3.7 Hz, 1H), 2.02-1.93 (m, 1H), 1.80-1.75 (m, 1H), 1.39 (s, 3H), 1.34 (s, 3H), 1.32-
1.27 (m, 1H), 0.95 (s, 9H), 0.92 (s, 9H), 0.85 (s, 9H), 0.83 (d, J= 6.7, 3H), 0.14 (s, 3H), 0.12
(s, 3H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 3H), 0.03 (s, 3H); 13C NMR (125 MHz, CDC13) 6
209.2, 202.6, 109.5, 81.8, 78.9, 74.9, 70.7, 64.7, 51.5, 49.3, 39.1, 33.0, 27.7, 26.7, 26.7, 26.6,
26.5, 26.5, 26.4, 26.4, 18.9, 18.5, 16.0, -3.3, -3.9, -3.9, -4.2, -4.3; IR (film) 2955, 2931,
2858, 1723, 1473, 1369, 1254, 1068, 1005, 836, 776 cm-1; HRMS ESI (m/z): [M+Na] + calcd
for C33H680 7Si 3Na, 683.4165; found 683.4182. [aoD = -12.4 (c 6.8, CHC13).
OH OTBSO
Me,,.
6 Me
(2S,3R,4S,7R,9S,10OE,14S,16E)-3,4,7,18-Tetrakis-(tert-butyl-dimethyl-silanyloxy)-1-
((4R)-2,2-dimethyl-[1,3]dioxolan-4-yl)-9-hydroxy-2,10,14-trimethyl-12-methylene-
octadeca-10,16-dien-5-one (6). In the glovebox, Ni(cod) 2 (0.05 mmol, 14 mg) and
tricyclopentylphosphine (0.10 mmol, 28 [tL) were combined. To this mixture was added
triethylborane (1.0 mmol, 145 ýtL) followed by EtOAc (0.5 mL). The resulting stock mixture
was stirred at r.t for 10 min. A portion (200 [tL) was transferred to an oven-dried 10 x 75
mm culture tube equipped with a mini magnetic stir bar and placed under an argon
atmosphere. A solution containing the enyne 8 (0.018 mmol, 6 mg) and the ketoaldehyde 9
(0.015 mmol, 10 mg) in EtOAc (100 iiL) was added to the catalyst solution. The resultant
reaction mixture was stirred at r.t. for 16 h. The catalyst was allowed to oxidize upon
standing in air and the reaction mixture was filtered through a short pad of silica, eluting with
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EtOAc. Concentrated in vacuo and purified by flash column chromatography (5%
EtOAc/hexanes) to give the unstable dienol 6 as a clear oil (7.6 mg, 54%). Rf = 0.35 (10%
EtOAc/hexanes); 'H NMR (500 MHz, C6D6) 8 6.07 (s, 1H), 5.72-5.54 (m, 2H), 5.05 (s, 1H),
4.99 (s, 1H), 4.65 (t, J= 5.5 Hz, 1H), 4.38-4.32 (m, 1H), 4.32 (d, J= 4.6 Hz, 1H), 4.31-4.25
(m, 1H), 4.10 (d, J= 4.9, 2H), 4.05-3.98 (m, 1H), 3.90 (t, J= 4.3 Hz, 1H), 3.85 (t, J= 5.8 Hz,
1H), 3.87 (t, J= 7.6, 1H), 3.12 (d, J= 6.4 Hz, 1H), 2.23-2.14 (m, 2H), 2.12-2.03 (m, 1H),
1.94 (t, J= :5.8 Hz, 1H), 1.92-1.81 (m, 2H), 1.90 (s, 3H), 1.76-1.66 (m, 2H), 1.47 (s, 3H),
1.36 (s, 3H), 1.03 (s, 9H), 1.02 (s, 9H), 0.99 (s, 9H), 0.98 (s, 9H), 0.95 (d, J = 4.6 Hz, 3H),
0.89 (d, J= 6.7 Hz, 3H), 0.27 (s, 3H), 0.20 (s, 3H), 0.18 (s, 3H), 0.16 (s, 3H), 0.14 (s, 3H),
0.11 (s, 3H), 0.08 (s, 6H); 13C NMR (125 MHz, CDC13) 8 208.5, 145.1, 141.3, 131.9, 129.7,
128.6, 126.4., 115.6, 109.4, 100.5, 82.4, 78.9, 75.3, 74.9, 70.7, 68.2, 64.4, 49.4, 45.9, 43.3,
40.1, 38.8, 33.7, 32.4, 27.8, 27.7, 27.3, 27.2, 26.7, 26.5, 26.4, 26.1, 19.8, 18.9, 18.9, 18.5,
16.1, 14.6, 1.8, -3.3, -3.8, -3.9, -4.3, -4.4, -4.6; IR (film) 3463, 2955, 2930, 2858, 1719,
1472, 1378, 1255, 1099, 1062, 891, 836, 776 cm-1; HRMS ESI (m/z): [M+Na] + calcd for
C51HIozOsSi 4Na, 977.6544; found 977.6520. [CQ]D = -9.4 (c = 3.2, CHCl3).
Me
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2E-(5S)-5-methyl-7-methylenedec-2-en-8-yn-1-ol (57): To a flame-dried 50 mL
round-bottom flask equipped with a magnetic stir bar and set under an argon atmosphere was
added 8 (2.4 mmol, 705 mg) in THF (7.6 mL). The flask was cooled to 0 oC and
tetrabutylammonium fluoride (7.2 mmol, 7.34 mL) was added and the resulting solution was
stirred 1 h at 0 oC. Quenched by adding H20 (10 mL), diluting with brine (5 mL) and EtOAc
(25 mL). Extracted with EtOAc (3 x 25 mL), dried over Na2SO4, filtered and concentrated.
Purified by flash column chromatography (25% EtOAc/hexane) to give the allylic alcohol
(57) as a yellow oil (364 mg, 85% yield). Rf 0.37 (25% EtOAc/hexane); 'H NMR (500 MHz,
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CDC13) 6 5.73-5.65 (m, 2H), 5.26 (s, 1H), 5.13 (s, 1H), 4.10 (d, J= 5.5 Hz, 2H), 2.17-2.11
(m, 2H), 1.94 (s, 3H), 1.93-1.82 (m, 2H), 0.84 (d, J = 7.6 Hz, 3H); 13C NMR (125 MHz,
CDC13) 6 132.2, 131.7, 131.2, 121.8, 86.2, 80.8, 64.5, 45.4, 39.8, 32.1, 19.7, 4.9; IR (film)
3323, 2955, 2918, 2870, 2229, 1670, 1610, 1456, 1437, 1377, 1297, 1085, 1001, 972, 896,
801 cm'; HRMS ESI (m/z): [M+Na]÷ caled for C12H18ONa, 201.1250; found 201.1257. [a]D
= -9.7 (c 7.2, CHC13).
((2S,3S)-3-((R)-2-methyl-4-methylenehept-5-ynyl)oxiran-2-yl)methyl 4-methylbenzene-
sulfonate (58): To a suspension of activated 4A molecular sieves (102 mg) in dry CH2C12 (5
mL) was added Ti(Oi-Pr)4 (2.04 mmol, 0.6 mL). The mixture was cooled to -20 oC. Added
(+)-diethyl tartrate (2.24 mmol, 383 RL) and stirred together 10 min prior to the introduction
of tert-butylhydroperoxide (5.5 M in decane, 4.08 mmol, 0.82 mL). Stirred at the same
temperature 30 min and added a solution of the allylic alcohol (57) (2.04 mmol, 364 mg) in
CH2C12 (5.7 mL). The resulting reaction mixture was stirred 16 h at -20 oC and quenched by
the addition of H20 (20 mL) and EtOAc (50 mL). Further diluted with a 1 M aqueous soln of
NaHSO 4 (10 mL) to aid with sequestering the titanate salts generated. Extracted with EtOAc
(3 x 30 mL), dried over Na2SO 4, filtered and concentrated. Purified by flash column
chromatography (25% EtOAc/hexane) to provide the epoxy alcohol as a yellow oil (325 mg,
82% yield). This compound (325 mg, 1.7 mmol) was taken up in CH2C12 (11.4 mL) and Et3N
(5.04 mmol, 0.7 mL) was added and followed by TsCl (2.52 mmol, 481 mg) and finally by
DMAP (0.34 mmol, 41 mg). Stirred the resulting mixture 10 h at r.t. Quenched with saturated
aq. NaHCO 3 soln (10 mL), diluted with H20 (30 mL) and extracted with Et2O (3 x 25 mL).
Dried over MgSO 4, filtered and concentrated. Purified by silica gel chromatography (10%
EtOAc/hexane) to give the tosylate as a yellow oil (328 mg, 56% yield). Rf 0.44 (10%
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EtOAc/hexane); 'H NMR (500 MHz, CDCl3) 8 7.81 (d, J= 8.3 Hz, 2H), 7.37 (d, J= 8.3 Hz,
2H), 5.27 (s, 1H), 5.11 (s, 1H), 4.20 (dd, J= 7.3, 3.6 Hz, 1H), 4.02 (dd, J= 7.5, 3.6 Hz, 1H),
2.98-2.94 (mn, 1H), 2.86-2.82 (m, 1H), 2.47 (s, 3H), 2.14-2.08 (m, 1H), 2.05-1.96 (m, 2H),
2.00 (s, 3H), 1.65-1.58 (m, 1H), 1.34-1.26 (m, 1H), 0.94 (d, J= 6.4 Hz, 3H); 13C NMR (125
MHz, CDC13) 8 145.8, 131.4, 130.6, 129.2, 128.7, 122.2, 86.6, 80.5, 70.8, 56.4, 55.7, 45.8,
38.7, 30.1, 22.3, 20.0, 4.9; IR (film) 2959, 2920, 2227, 1726, 1598, 1454, 1365, 1190, 1178,
1097, 966, 815, 666 cm-; HRMS ESI (m/z): [M+Na] + calcd for C19H240SNa, 371.1288;
found 371.1271. [a]D = -15.1 (c 2.0, CHC13).
Me
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(E)-tert-butyldimethyl(2-methyl-6-(tetrahydro-2H-pyran-2-yloxy)hex-2-enyloxy)silane
(64): (E)-ethyl 2-methyl-6-(tetrahydro-2H-pyran-2-yloxy)hex-2-enoate (63)65 (9.75 mmol,
2.5 g) was dissolved in CH 2C12 (95 mL) and cooled to -78 'C. Added a solution of
diisobutylaluminum hydride (1.0 M in hexane, 19.5 mmol, 19.5 mL). Warmed to r.t. after 15
min and stirred an additional 45 min. Poured directly into a biphasic mixture of saturated aq.
Rochelle's salt solution (200 mL) and Et20O (350 mL) and stirred vigorously until the phases
partitioned. Separated and extracted the aqueous layer with Et20 (3 x 100 mL). Dried over
MgSO4, filtered and concentrated. The crude residue was dissolved in DMF (9.8 mL) and to
the stirring solution was added imidazole (29.3 mmol, 2 g) and TBSC1 (14.6 mmol, 2.2 g).
Stirred 1 h at r.t. and loaded directly onto a silica gel column and purified by flash column
chromatography (20% EtOAc/hexane). Gave the title compound as a clear oil (3.14 g, 98%
yield from 63). 'H NMR (500 MHz, CDCl3) 8 5.41 (t, J= 7.2 Hz, 1H), 4.58 (t, J= 2.8 Hz,
1H), 3.90 (s, 2H), 3.88 (dt, J= 7.6, 2.9 Hz, 1H), 3.75 (dt, J= 9.6, 2.9 Hz, 1H), 3.53-3.48 (m,
1H), 3.39 (dt, J= 13.3, 6.6 Hz, 1H), 2.18-2.06 (m, 2H), 1.89-1.80 (m, 1H), 1.75-1.64 (m,
2H), 1.61 (s, 3H), 0.92 (s, 9H), 0.07 (s, 6H); 13C NMR (125 MHz, CDC13) 8 135.5, 124.7,
99.6, 77.9, 69.3, 67.8, 62.9, 31.5, 30.3, 26.7, 26.4, 26.2, 24.9, 20.4, 14.1, -4.5; IR (film)
65 Uesato, S.; Kobayashi, K.; Inouye, H. Chem. Pharm. Bull. 1982, 30, 927-940.
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2938, 2857, 1713, 1463, 1361, 1253, 1201, 1121, 1076, 1035, 837, 775, 666 cm-1; HRMS
ESI (m/z): [M+Na] + calcd for C18H3603SiNa, 351.2326; found 351.2333.
Me
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(E)-tert-butyl(6-iodo-2-methylhex-2-enyloxy)dimethylsilane (65): The THP-ether (64)
(9.13 mmol, 3 g) was added to a suspension of anhydrous MgBr2 (27.4 mmol, 5 g) in Et20O
(96 mL). Stirred the resulting mixture at r.t. over a 16 h period. Quenched with saturated aq.
NaHCO 3 solution (20 mL), diluted with brine (30 mL) and extracted the aqueous layer with
EtOAc (3 x 50 mL). Dried over Na2SO 4, filtered and concentrated in vacuo. Purified by flash
column chromatography (25% EtOAc/hexane) to give the alcohol as a colorless oil (1.72 g,
77% yield). A portion of this alcohol (4.66 mmol, 1.14 g) was dissolved in MeCN/Et20 (1:3,
30 mL) and imidazole (10.7 mmol, 750 mg), triphenylphosphine (7.0 mmol, 1.82 g) and
iodine (7.0 mmol, 1.78 g) were added in that order. Stirred the resulting yellow reaction
mixture 1 h at r.t. Diluted with H20 (50 mL) and Et2O (100 mL) and extracted with Et20.
The combined organic layers were washed with saturated Na2S20 3 solution. Dried over
MgSO4 , filtered and concentrated. Purified by flash column chromatography (5%
EtOAc/hexane) to give the iodide (65) as a clear, colorless oil (1.47 g, 89% yield). Rf 0.62
(10% EtOAc/hexane); 1H NMR (500 MHz, CDC13) 8 5.38 (t, J= 5.9 Hz, 1H), 4.02 (s, 2H),
3.21 (t, J= 7.0 Hz, 2H), 2.19-2.13 (m, 2H), 1.95-1.87 (m, 2H), 1.64 (s, 3H), 0.92 (s, 9H),
0.07 (s, 6H); 13C NMR (125 MHz, CDC13) 6 136.7, 122.7, 69.0, 34.3, 34.1, 29.0, 26.7, 21.9,
19.1, 14.4, 7.5, -4.5; IR (film) 2955, 2929, 2856, 1674, 1472, 1462, 1361, 1252, 1206, 1164,
1111, 1072, 1006, 939, 837, 776, 666 cmnf; HRMS ESI (m/z): [M+Na]÷ calcd for
C13H27IOSiNa, 377.0768; found 377.0759.
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tert-butyldimethyl((E)-2-methyl-7-((2S,3S)-3-((R)-2-methyl-4-methylenehept-5-ynyl)oxi-
ran-2-yl)hept-2-enyloxy)silane (56): The iodide (65) (2.44 mmol, 870 mg) was dissolved in
Et20 (10 mL) and cooled to -78 'C. Treated slowly with t-BuLi and stirred 1 h while
maintaining the same temperature. Subsequently warmed to r.t. and stirred 30 min. Syringe
transferred to a flask containing a suspension of Cul (1.22 mmol, 233 mg) in Et20 (5 mL) at
-30 'C and stirred 30 min. A solution of the tosylate (66) (0.61 mmol, 211 mg) in Et20 (6
mL) was added and the resulting dark grey reaction mixture was stirred an additional 30 min
at -30 'C. Filtered through a plug of silica (ca. 1 cm), concentrated in vacuo and purified by
silica gel chromatography (3% EtOAc/hexane) to give 56 as a light yellow oil (237 mg, 96%
yield). Rf0.63 (10% EtOAc/hexane); 1H NMR (400 MHz, CDC13) 8 5.40 (t, J = 5.8 Hz, 1H),
5.29 (s, 1H), 5.13 (s, 1H), 4.03 (s, 2H), 2.73 (dt, J= 6, 2.1 Hz, 1H), 2.68 (dt, J= 5.3, 2.3 Hz,
1H), 2.22-2.1.3 (m, 1H), 2.09-1.94 (m, 3H), 1.96 (s, 3H), 1.82-1.74 (m, 1H), 1.69-1.58 (m,
2H), 1.61 (s, 3H), 1.60-1.51 (m, 2H), 1.49-1.35 (m, 1H), 1.32-1.25 (m, 2H), 0.98 (d, J= 5.1
Hz, 3H), 0.93 (s, 9H), 0.08 (s, 6H); 13C NMR (125 MHz, CDC13) 8 135.2, 131.4, 125.1,
121.9, 86.4, 80.7, 69.4, 59.9, 58.2, 46.1, 39.6, 32.8, 30.2, 28.1, 27.5, 27.1, 26.7, 26.4, 23.5,
20.0, 19.2, 14.6, 14.1, 4.9, -4.5; IR (film) 2956, 2929, 2857, 1611, 1463, 1361, 1252, 1111,
1069, 1006, 894, 837, 775, 667 cm-1; HRMS ESI (m/z): [M+Na] + calcd for C25H4 402SiNa,
427.3003; found 427.2983. [a]D = -8.3 (c 2.4, CHC13).
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(5S,6R,9S)-6-(tert-butyldimethylsilyloxy)-9-((2R,7RE)-8-((2S,3S)-3-((E)-7-(tert-butyl-
dimethylsilyloxy)-6-methylhept-5-enyl)oxiran-2-yl)-2-hydroxy-3,7-dimethyl-5-methyl-
eneoct-3-enyl)-5-((R)-1-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)propan-2-yl)-2,2,3,3,11,11,
12,12-octamethyl-4,10-dioxa-3,11-disilatridecan-7-one (55): Ni(cod)2 (0.044 mmol, 11
mg) and tricyclopentylphosphine (0.09 mmol, 27 [tL) were combined in a 10 mL round-
bottom flask inside a glovebox. Set under a nitrogen atmosphere and outside the glovebox,
Et3B (0.55 mmol, 75 [tL) was added and the mixture was diluted with EtOAc (0.5 mL). The
orange mixture was stirred at r.t. 10 min before the addition of a solution containing the
enyne (56) (0.22 mmol, 90 mg) and the ketoaldehyde (9) (0.22 mmol, 142 mg) in EtOAc
(2.25 mL). Stirred the resulting light yellow reaction mixture 14 h at r.t. Diluted with EtOAc
(2 mL) and stirred open to air to allow for aerobic oxidation of the catalyst evident by the
slow conversion of the color to pale green. Filtered through a short pad of silica gel (eluting
with EtOAc), concentrated in vacuo and purified by flash column chromatography (10%
EtOAc/hexane). This provided the dienol (55) as a colorless oil (172 mg, 73% yield) in >9:1
d.r., determined by 'H NMR. Rf 0.23 (10% EtOAc/hexane); 1H NMR (500 MHz, C6D6) 6
6.10 (bs, 1H), 5.50 (t, J= 7.44 Hz, 1H), 5.04 (s, 1H), 5.00 (s, 1H), 4.65 (quint, J= 6.7 Hz,
1H), 4.39-4.35 (m, 1H), 4.33 (d, J= 4.4 Hz, 1H), 4.32-4.25 (m, 1H), 4.07-3.99 (m, IH), 4.01
(s, 2H), 3.93-3.89 (m, 1H), 3.88-3.82 (m, 1H), 3.39 (app t, J= 7.7 Hz, 1H), 3.13 (d, J= 5.1,
1H), 2.58-2.53 (m, 1H), 2.49-2.44 (m, 1H), 2.24-2.14 (m, 1H), 2.06-1.83 (m, 6H), 1.90 (s,
3H), 1.61 (s, 3H), 1.52-1.43 (m, 2H), 1.47 (s, 3H), 1.42-1.26 (m, 7H), 1.36 (s, 3H), 1.22-1.05
(m, 4H), 1.04-0.82 (m, 41H), 0.24-0.01 (m, 24H); 3C NMR (125 MHz, C6D6) 8 208.6,
170.3, 144.5, 135.2, 126.2, 125.8, 125.2, 115.6, 109.3, 82.4, 82.3, 79.0, 78.8, 75.1, 74.9, 74.6,
70.7, 69.3, 68.2, 67.7, 60.4, 59.1, 57.3, 48.6, 46.6, 43.2, 43.0, 39.9, 39.8, 38.8, 38.6, 36.7,
35.3, 35.2, 33.8, 33.7, 32.9, 32.3, 30.4, 30.2, 29.7, 28.1, 27.7, 26.7, 26.6, 26.5, 26.5, 26.5,
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26.4, 26.4, 26.0, 23.4, 21.2, 20.9, 20.1, 19.3, 18.9, 18.8, 18.5, 16.1, 16.1, 14.9, 14.7, 14.5,
14.0, 12.0, --3.3, -3.4, -3.8, -3.8, -4.0, -4.2, -4.3, -4.4, -4.4, -4.7; IR (film) 3485, 2955,
2930, 2858, 1720, 1473, 1463, 1369, 1253, 1158, 1069, 1006, 939, 836, 776, 668 cm-;
HRMS ESI (m/z): [M+Na]÷ calcd for C58H 11409Si4Na, 1089.7432; found 1089.7423. [a]D =
-25.0 (c 3.6, CHCl3).
Me
(5S,6R,9S)-6-(tert-butyldimethylsilyloxy)-9-((2S,7RE)-8-((2S,3S)-3-((E)-7-(tert-butyldi-
methylsilyloxy)-6-methylhept-5-enyl)oxiran-2-yl)-2,3,7-trimethyl-5-methyleneoct-3-
enyl)-5-((R)-1-((R)-2,2-dimethyl-1.3-dioxolan-4-yl)propan-2-yl)-2,2,3,3,11,11,12,12-octa
methyl-4,10-dioxa-3,11-disilatridecan-7-one (54): To the dienol (55) (0.16 mmol, 172 mg)
in anhydrous Et20 (2.6 mL) cooled to 0 oC was added Et3N (0.32 mmol, 45 [tL) and
subsequently treated with MsCI (0.19 mmol, 15 RL). The resulting reaction mixture was
stirred 30 min at 0 oC. Meanwhile in a different flask, InCl3 (0.16 mmol, 36 mg) was treated
with MeLi (1.42 M in Et20, 0.48 mmol, 340 RL) at -78 oC. Warmed to r.t. and stirred 15
min. At the end of this period, the flask containing the mesylate was cooled to -78 'C. To the
flask containing the trimethylindium reagent was diluted with anhydrous hexane (2.6 mL)
and syringe transferred to the -78 'C flask of the mesylate. The resulting mixture was
allowed to warm to 0 oC after 5 min and again to r.t. after another 5 min. At this point, the
reaction mixture was observed to change to a bright yellow color. Stirred 10 min at r.t. and
filtered through a plug of silica, concentrated in vacuo and purified by silica gel
chromatography (3% EtOAc/hexane) to give the displacement compound (54) as a colorless
oil (39.2 mg, 23% yield) along with the hemiketal (67) (22.4 mg, 13% yield). Data for
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compound 54: Rf 0.48 (10% EtOAc/hexane); 1H NMR (500 MHz, CDC13) 8 5.87 (s, 1H),
5.39 (t, J= 8 Hz, 1H), 5.04 (s, 1H), 4.92 (s, 1H), 4.74 (s, 1H), 4.54 (t, J= 7.9 Hz, 1H), 4.22
(d, J= 12 Hz, 1H), 4.19-4.08 (m, 2H), 4.08-4.04 (m, 1H), 4.02 (s, 2H), 3.89 (d, J= 5.1 Hz,
1H), 3.62 (dd, J= 5, 2.4 Hz, 1H), 3.53-3.42 (m, 2H), 2.72-2.60 (m, 2H), 2.19-2.12 (m, 1H),
2.08-2.01 (m, 2H), 2.03-1.88 (m, 2H), 1.86-1.72 (m, 2H), 1.82 (s, 3H), 1.60 (s, 3H),
1.57-1.41 (m, 6H), 1.40-1.32 (m, 2H), 1.38 (s, 3H), 1.33 (s, 3H), 1.30-1.21 (m, 1H),
0.97-0.81 (m., 46H), 0.16-0.00 (m, 24H); 13C NMR (125 MHz, CDC13) 8 209.2, 155.3, 144.2,
137.9, 135.6, 128.0, 125.1, 116.1, 109.4, 104.5, 81.7, 78.8, 75.7, 75.0, 70.7, 69.4, 65.1, 60.0,
58.2, 46.3, 39.8, 39.7, 37.4, 33.0, 32.8, 30.3, 30.2, 28.1, 27.8, 26.9, 26.9, 26.8, 26.7, 26.6,
26.5, 21.8, 20.6, 20.2, 19.2, 19.1, 19.1, 19.0, 19.0, 18.9, 18.8, 15.6, 14.9, 14.7, 14.1, -2.7,
-3.4, -3.5, --3.6, -3.9, -4.5; IR (film) 2956, 2930, 2858, 1721, 1670, 1473, 1463, 1378,
1369, 1253, 1070, 1006, 898, 837, 776, 668 cm-1; HRMS ESI (m/z): [M+Na] + calcd for
C59HI1608Si4Na, 1087.7639; found 1087.7670. [a]D = -10.8 (c 14.7, CHC13).
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